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Preface 


“I was received very kindly by the warden [of the Grand 
Academy of Lagodo], and went for many days to the academy. 
Every room hath in it one or more projectors [researchers] .... 

“The first man I saw was of a meager aspect with sooty hands 
and face, his hair and beard long, ragged and singed in several 
places. His clothes, shirt, and skin were all of the same color. 
He had been eight years upon a project for extracting sunbeams 
out of cucumbers^ which were to be put into vials hermetically 
sealed, and let out to warm the air in raw, inclement summers. He 
told me he did not doubt, in eight years more, he should be able to 
supply the governor’s gardens with sunshine at a reasonable rate; 
but he complained that his stock was low, and entreated me to 
give him something as an encouragement to ingenuity, especially 
since this had been a very dear season for cucumbers. I made 

him a small present ” Gulliver’’ s Travels, Voyage 

to Laputa, etc.. Chapter V. 

With the exception that sartorial and sanitary arrangements 
may have advanced with our civilization, there is an uncanny par- 
allel between the “projector” of Lagodo in 1741 and the electron 
microscope investigators at Toronto in 1941. We have ‘'^been 
eight years upon a projecf^ for taking magnified pictures voithout 
light, an investigation which is, to the modern Gulliver, no less 
foolish than the cucumber experiment was to the original Gulliver. 

We “do not doubt, in eight years more,” that there will be an 
electron microscope in every “project” laboratory and that it will 
contribute greatly to our knowledge of things as remote from 
each other as industry and medicine. 

A third item in the parallelism is apparent, namely “that our 
stock is low,” and we still entreat contributions “as an encourage- 
ment to ingenuity,” especially since our “cucumbers” are still 
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expensive. In spite of the fact that the electron microscope bids 
fair to reveal to the eyes of man in the domain of the very minute 
things quite as wonderful as Galileo’s telescope revealed of the 
wonders of space, we still have the feeling that it is ever “a dear 
season for cucumbers.” 

E. F. Burton 
W. H. Kohl 

Toronto, Ontario 
March 1, 1942. 
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Chapter 1 
Vision 


The human eye is a wonderful optical instrument, more 
wonderful than any that man has ever devised. It unfolds to our 
mind the beauty of the world that surrounds us and is the means 
by which we react to and participate in it. But fascinating and 
manifold as is the scene which the naked eye presents, it does 
not satisfy our curiosity. We like to see things which the unaided 
eye cannot see, to bring far distant and ordinarily invisible stars 
within our view and to penetrate into the realm of the very 
small things, the microcosmos. For this purpose we need magni- 
fying glasses: telescopes in the field of astronomy, and micro- 
scopes in the study of the very minute. 

Whenever we interpose an artificial optical system between 
the eye and an object we are attempting merely to assist our eyes 
so as to widen their scope of vision. The eye is always the indis- 
pensable part of a sequence: object— vision aid— eye. In this 
book we are particularly concerned with the microscope. We 
must then keep in mind that it is only a link in this chain which 
we have just described. 

Two almost self-evident conditions of vision must be recalled 
at the very beginning; first, an object is made visible by the light 
which it diffuses, scatters or reflects, and secondly, the position 
of the object viewed is judged to be along the direction of the 
line along which the light finally enters the eye. This latter cir- 
cumstance lies at the basis of most optical illusions. 

The Bending of Light Rays: Refraction 

' The following simple parlor trick illustrates quite well what 
happens to a beam of light as it passes from one transparent 
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medium to another. Place a coin on the bottom of a mug and 
see that the coin is well enough illuminated to be seen when 
viewed from above. Have an observer keep his head in such a 
position that he just can’t see the coin as he peers over the edge 
of the mug (Fig. la). If while the observer keeps his eye fixed 



in position, the mug is filled with water, the coin comes into view 
(Fig. lb). The broken straight line represents the path along 
which the light appears to travel from the coin to the eye. But 
we know that the coin has not changed its position. Therefore • 
the real path of the light from the coin to the eye must be that 
marked by the dotted line. 



Fig. 2. How one can see the sun after it has set. 
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Another example of such an optical illusion, on a grand scale, 
is the fact that we see the sun at sunset for some considerable 
time after it has really sunk below the horizon. The reason for 
this is that the light from the sun is gradually bent around in going 
through layers of the atmosphere of differing densities as shown in 
Fig. 2. Our judgment of the position of the sun is dictated by 
the direction along which the light finally enters the eye. 

These two phenomena are perhaps the earliest recorded obser- 
vations having to do with light; they were described by Cleo- 
medes in A.D. 50. 

The Direction of Betiding of a Light Beam 

Very cursory examination of Fig. lb tells us how the light 
bends as it passes from water to air: the angle which the emergent 
ray makes with the side of the mug, or rather with the perpen- 
dicular to the surface of the water, is larger than the angle which 
the ray of light from the coin makes with the side of the mug. 
In general, we may say that when light is going obliquely from a 
dense medium (water) into a less dense medium (air) it bends 
away farther from the normal to the surface of separation of the 
media. 


Fig. 3. 

How light bends as it passes 
from air into water. 



The angle 'B 'is less then 
angle 'A' 
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Now we can easily perform the reverse experiment. If we 
direct a narrow beam of light, say from a flash-light, obliquely 
onto the surface of some slightly turbid water contained in a 
glass bowl, we can see easily that, as the light goes from the air 
(the less dense medium) into the water (the denser medium) , the 
direction of the ray is bent nearer to the normal of the surface 
(Fig. 3) . This change of direction which a light beam undergoes 
when it passes from one transparent medium into another is 
described by the term refraction. 

The Prism and the Lens 

We are all familiar with effects produced by blocks of glass 
or automobile lamp lenses in causing a change in the direction of 
light passing through them. Fundamentally all such effects can 
be simply illustrated by tracing a ray of light through a glass 
prism, which is a rather long uniform block of glass with a 
triangular cross-section (Fig. 4) . 

Consider a candle placed at the point, P, and one’s eye at the 
point, E. If we interpose a glass prism, ABC, in our line of 
vision, EP, we would judge that the candle is displaced to the 
position Q. Light travelling along the line PE will now be turned 
off the track at K and will not reach the eye. The ray which 



Fig. 4. How a light beam is deviated by a prism. 
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does reach the eye is one travelling from the candle in some such 
direction as PG. At the point G, as the light is passing from a 
rare medium (air) to a dense medium (glass) its direction inside 
makes an angle with the normal to the surface at the point G, 
which will be less than the angle XGP; and then as it passes out 
of the glass again into the air the angle YHE will be larger than 
that which the ray, GH, makes with the normal to AC. The 
eye then judges the candle to be along the direction EHQ, which 
is the direction of the straight line along which the light enters 
the eye. The prism has thus caused a distinct change in the direc- 
tion of the ray which ultimately enters the eye. 

After this account of the deviation of a beam of light caused 
by a prism, it is easy to understand the action of a simple lens, 
like a reading lens, when it is used to “focus” on a screen the 
image of a distant source such as an incandescent light or a brightly 
illuminated window frame. 

It is a matter of quite common practice to interpose such a 
lens between a bright object, (O, Fig. 5a), and a screen, e.g., one’s 
hand, and to produce on such a screen an image such as at I. One 
has always to adjust the position of the lens and the screen in 
order to obtain the position of I where the image is sharp. If 
the experiment is performed in a darkened room and the source 
is shielded so as to send out light only in the direption of the 



Fig. 5a. How a lens bends light. 
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lens, the actual path of the light from O to I can be seen, par- 
ticularly if some smoke or chalk dust is blown into the region 
round the lens. 

The reproduction at I is called the image of the object, and the 
process of obtaining a sharp image is spoken of as focussing the 
lens. 

The explanation of this action of the lens is quite clear when 
we realize that any lens can be considered as being built up of a 
great number of portions of prisms, as indicated in Fig. 5b. By 
following the paths of rays from O through the various prism 
sections, it is apparent that it is quite possible for the emergent 
rays all to pass through the point I. 

It is in the action of such lenses that we find the explanation 
of the functioning of the eye and of the role played by the 
microscope as an aid to vision. 



Fig. 5b. How a lens may be considered as made up of sections of prisms. 

The Eye 

The eye is nature’s camera, the prototype of all cameras. 
The structure and function of the various parts of the eye can 
be very well understood by referring to the corresponding parts 
of an ordinary camera. 

The simplest possible form of camera is the so-called pin-hole 
camera— a light-tight box with a pin hole in the center of one side 
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and a photographic plate or film placed against the inner side 
directly opposite the hole (Fig. 6). 

If the box is turned with the pin hole toward an object, such 
as the animal at AD, and the hole is uncovered so as to let light 
into the box, an image of the animal will be impressed on the plate 
or film. This image will be produced in the following manner. 
Each part of the animal that faces the camera sends light into the 
pin hole, the aperture. The amount of light which is diffused by 
any portion of the surface of the animal depends on the natural 
color of the surface. Practically no light will come from black 



patches and a great deal of light from white patches. Since light 
travels in straight lines from any surface point on the animal to 
the aperture, all rays will cross one another in the aperture and 
continue on to the photographic plate. Thus the light ray com- 
ing from a point A on the head of the animal will impinge on the 
film at point A' and blacken the film according to its intensity. 
Thus we will have the distribution of light and shade at the surface 
of the object accurately reproduced on the film and obtain a pic- 
ture of the animal on developing the film. 

The pin-hole camera, though interesting as a hobby and 
instructive as a scientific experiment, has its limitations. The 
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amount of light entering the pin hole is so small that a long expo- 
sure is always necessary and so the use of this camera is limited to 
still objects. As the distance from the pin hole to the film is 
fixed there is no means of adjusting for variable focus, and conse- 
quently no one part of the picture is more sharply in focus than 
any other. 

We now turn to the simple camera, which is familiar to all 
(Fig. 7) . This consists of a light-tight box provided with a con- 
vergent lens through which the light enters, and a plate or film 
on which the image formed by the lens can be focussed. As 



referred to above (Fig. 5a)‘, when we wish to focus an image 
made by a lens on any surface the relative distances between the 
object, the lens, and the image screen must be adjustable. This 
is provided for in the camera by having- the light-tight box 
furnished with a bellows body so that the lens-film distance may 
be adjusted without letting in any extraneous light. 

The advantage of such a camera over the pin-hole type is that 
more light from any point on the object is concentrated at the 
corresponding point on the image, and therefore a much smaller 
exposure is necessary in order to cause a definite effect on the 
film. It is consequently possible to take ‘instantaneous’ exposures 
of moving objects. 
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The functioning of the human eye may now be readily under- 
stood, at least in its basic principles, from what we have said about 
the working of a camera. 

The eye-ball is a light-tight spherical box with a great part of 
the inner surface covered with a sensitive film, . called the retina, 
from which light impressions are transferred to the brain (Fig. 8) . 
Just as in the case of the camera, the relation between the posi- 
tions of the lens, the object and the image must be adjustable in 
order to obtain a sharp image on the light-sensitive film (the 
retina) . With the eye, however, these adjustments are not made 



by changing the position of the lens but by individually adjust- 
ing the size and shape of the lens itself, so that the image is always 
formed on the retina, which remains at a fixed distance from the 
pupil of the eye. That is, if we wish to look at a distant object 
we automatically adjust the eye lens so that the image of the dis- 
tant object will be focussed on the retina; as the object comes 
nearer and nearer, the eye lens is adjusted through muscular con- 
trol until one sees the object distinctly in any new position. For 
a normal person the arrangement of the muscles regulating the eye 
lens gives the greatest comfort when the eye is allowed to rove 
over distant objects and no effort is exerted to bring any particu- 
lar thing into focus. When one concentrates on carefully view- 
ing near objects, the eye tends to become tired and suffers from 
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Strain. It is impossible for the normal eye to focus on objects 
nearer than about 10 inches (25 cms.) . This distance is known 
as the least distance of distinct vision and represents a very impor- 
tant natural limit of vision. No matter how we try to help the 
eye by artificial aids, say by a microscope, we must end up with 
at least the illusion that we are observing the objects or images as 
though they were placed at a distance of 10 inches from the eye. 

The Scope and Limitation of the Eye 

The normal eye has a very wide field of vision and a great 
range in distance. It will be apparent from Fig. 9 that, as the 


A 



B 


/Ingle subtended by dn object at 
Differen t Distan ces 

Fig. 9. How the size of the image on the retina decreases as the object is moved 
farther and farther from the eye. 

object recedes from the eye, the area of the retina covered by the 
image, e.g., at A' B', becomes smaller and smaller, and finally, as 
the distance increases very greatly, we say the object disappears. 
Light does not cease to come from the object, but the area of the 
retina affected by the light coming from the object becomes so 
small that, for some physiological reason, it ceases to produce a 
sensation of vision in the brain. It has been found that,' if the 
angle subtended at the eye by the object becomes less than about 
1.4 minutes (about two one-hundreths of a degree), the object 
ceases to be distinguishable. 
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From this it follows that whether any particular object is 
visible to the eye or not depends on both its size and its distance 
from the eye; in any case the visibility is limited by the angle sub- 
tended at the eye (see Table 1). Of course, we take for granted 
that the object is always brightly enough illuminated to make 
vision possible. 


Table 1. Sizes of Objects Just Visible to the Eye at Different Distances. 


Distance of Object from 
the Eye 

10 miles 
1 mile 
100 yards 
10 feet 
10 inches 


Linear Dimension of Smallest 
Object Visible 

20 feet 
2 feet 
1 inch 
1/20 inch 

1/250 inch, 1/100 cm., 

4 mils or 1/10 mm. 


Now an object may be so small that it is invisible at a distance 
of 10 inches from the eye; this is true if it is so small that it sub- 
tends an angle at the eye of less than 1.4 minutes. Since the eye 
cannot focus on anything which is closer to it than 10 inches, we 
must conclude that the unaided C^naked”) eye cannot see any 
object less than l/250th of an inch in diameter, nor can it make 
out any detail of any marking on a large visible object if the 
linear dimension of the pattern is less than l/250th of an inch. 

In this extremity we call on the microscope to assist the eye. 



Chapter 2 
Light Microscopes 

Aids to Defective Vision 

Everyone is fairly familiar with the simplest cases of defective 
vision, such as short-sightedness and long-sightedness, and the 
means used to correct such defects. In one case, the eye is able 
to focus the image distinctly on the retina only when the object is 
held abnormally near the eye; in the other case, the object must 
be held abnormally far from the eye. If the position of the object 
is at the normal distance for distinct vision, i.e., ten inches, then 
for such defective eyes the image is formed either in front of the 
retina or behind it. In either case the object is not seen dis- 
tinctly (see Fig. 10) . 

These defects are corrected by the use of eye-glasses (or 
spectacles) ; for the case illustrated in Fig. 10a the eye-glass throws 




Fig. 10b. Far-sightedness. 
22 
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the image farther away from the lens of the eye on to the retina 
(Fig. 11a), while, for that in Fig. 10b, the convergence of the 
light is increased as it enters the lens of the eye and thus the 
image is brought back to the retina (Fig. 11b). 



How to Tell the Position of the Image Formed by a Single Lens 

Before explaining further the operation of these aids to vision, 
we shall have to present a few simple rules which enable us to 
estimate by means of a diagram the position of images formed by 
any lens. Simple lenses are of two general classes, converging 
and diverging, depending on what happens to a beam of light 
falling on the lens. This can be illustrated experimentally by 
observing what happens to a beam of sunlight, say, admitted 
through a hole in a window blind, when the beam falls on the lens. 
A simple application of the principles described in the first 
chapter regarding the bending of the light ray as it goes from 
dense to rare or from rare to dense media will justify the repre- 
sentation given in Figs. 12a and 12b. 

In the case of the converging lens (Fig. 12a) the rays parallel to 
the axial line XY all pass through a point F on the axis; this point 



Fig. 12a. 

Converging Lens. 


Y 
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is called the focus of the lens. If the beam of parallel rays were 
sent through the lens in the opposite direction, from Y to X, 
there would be found a similar point, F', on the opposite side of 
the lens; this is also called a focus. If the lens is symmetrically 
shaped on the two sides, the distance of F from the center of the 
lens will be the same as the distance of F' from the center; this 
distance is called the focal length of the lens. 

Rule 1: Every ray entering the lens parallel to the axis XY 
passes out through the focus F, or F', as the case may be. 

Using a beam of sunlight if a screen or the palm of the hand is 
held at the focus F, or F', a sharp point of light will be seen— in 
reality an image of the hole in the window blind. 

If a diverging lens is used no such image will be formed on a 
screen placed anywhere; but, if the eye is placed in the position 
represented in Figure 12b, the observer will have the illusion that 

Fig. 12b. 

Diverging Lens. 



the light seems to come from a point F' on the side of the lens 
remote from the eye. This point F' is called the focus of the 
diverging lens; so for this case Rule 1 becomes; Every ray enter- 
ing the lens parallel to the axis XY passes out in a direction as 
though it proceeded from the point F, the focus of the lens. As 
in the case of the converging lens, if the diverging lens is sym- 
metrical as to its two sides there will also be a similar focal point 
on the other side of the lens at the same distance from the center 
of the lens as F'. 

There is a second rule applicable to both kinds of lenses. Rule 
2: Every ray entering the lens at any inclination and passing 
through the center point of the lens will emerge with no per- 
ceptible deviation from its original direction (Fig. 13). This is 
strictly true only for very thin lenses, but it is permissible to use 
the rule when one is just approximating to the real conditions. 
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For a thin lens the ray through the central point is not deviated perceptibly. 


The. two rules given above enable us to find the position of the 
image of any object very easily (Fig. 14). The image of A will 
be on the line AO produced through the lens and also along PF 
produced; these lines meet in the point A' which is consequently 
the image of the point A. Similar procedure gives B' as the image 
of B; consequently the figure A' B' marks the image of AB. 



Fig. 14. How to determine graphically the position of the image of an object when 
using a single converging lens. 

The Simple Microscope, Reading Lens or Magnifying Glass 

It has been pointed out that even a normal eye is unable to 
form an image of the object on the retina, or in other words 
cannot see the object, if it is moved nearer to the object than ten 
inches. It is this circumstance that limits the magnifying power 
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of the eye. But here again we can call to our aid a simple con- 
verging lens. The eye lens itself is a single converging lens, and 
in Fig. 15 we show what happens to the image of an object as the 
object is brought closer and closer to such a lens. 







Fig. 15 . How the position of the image changes as the object is moved closer and 
closer to a converging lens. The Simple Microscope. 

The ordinary rules give the positions of the images of AiBj 
and A2B2 at AhB'i and A'aB'a respectively. However, when we 
follow the two standard rays from the point A3 of the object 
A3B3 the light emerges from the lens along the lines PF and A3O, 
which never meet to the right of the lens; but if the eye is placed 
to the right of the lens and close to it the observer will have the 
impression that the light appears to come from the position A'3B'3. 
Thus to the eye the object is enlarged and the position of the 
image must be at least ten inches from the eye in order to be in 
focus. This shows why we have to adjust the relative positions 
of the eye, the lens and the object in using such a simple micro- 
scope. It is at once apparent that the object must be placed 
between the focus of the lens and the lens itself and that the eye 
has to be very near the lens in order to gather in the diverging 
rays A3O and PF. 

The Compound Microscope 

The ordinary form of a compound microscope merely uses 
two individual lens systems to produce magnification in two stages. 
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There are really two fundamental forms of the compound 
microscope; the first is represented by a combination of two sep- 
arate systems, each similar to that shown in Fig. 14, and the sec- 
ond by a combination of two separate systems, as shown by com- 
bining Figs. 14 and 15. 

For example, we may produce an enlarged image, AT', of an 
object, AB, by a simple lens (or single lens system) as in Fig. 14 
and then, using this image as a new object, produce a still larger 
image by a second lens, as illustrated in Fig. 16. This new image, 



Eye looking 
dt screen 








Objective 


C.. • 


Photographic plate 
or frosted screen 


Projecting Lens 


Fig. 16. A compound microscope as used to project or photograph the image. 


A"B", can be thrown on a screen of frosted glass and examined 
by the eye; it can also be projected onto a photographic film or 
plate;, thus we may obtain a permanent record of the enlargement. 
The first lens or system, Li, is known as the objective and the 
second lens system. La, as the projector. It is apparent that the 
second image, A"B", can be treated again as a new object, 'and a 
still larger image may thus be obtained by another projector lens 
system. 

The common usakp of the term compound microscope refers 
to an instrument used directly by the eye. One looks into the 
eye-piece at the top of the instrument and sees the image. Fig. 
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17 shows diagrammatically the lay-out of the component lenses. 
The objective, Li, forms the first image, A'B', as shown in Fig. 16. 
This image, A'B', now serves as the object for the eye-piece which 
acts merely as a simple microscope. Consequently, the right-hand 
portion of Fig. 17 is merely a repetition of Fig. 15; and, as 
described under the section on the simple microscope, the eye gets 
the impression that the light is proceeding from the image, A"B", 
at a distance of ten inches from the eye. 



Fig. 17. An ordinary compound microscope for visual observation. 

The lens of the eye gathers in the slightly diverging beam 
which leaves the eye-piece and focusses this beam on the retina. 
Of course, this same eye-piece might have been used on the image, 
A"B", of Fig. 16, and the eye would have seen a final image of 
much greater magnification. 

In fact theoretically there is no limit to the magnification that 
one might attain by using lens after lens after lens. However, in 
practice, there are limitations in construction and lighting which 
make a progressive magnification, ad infinitum, impossible. Some 
of these difficulties are noted in the next section. 

Aberrations of Lenses and Lens Systems 

In the preceding discussion we have tacitly assumed that all 
the lenses acted in an ideal fashion, that is, that the lens produced 
in the image a true representation jof the object, point for point. 
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But there are many ways in which actual practice falls far short 
of this ideal. These shortcomings are known by the general name, 
aberrations. 

If we look back at Figs. 5a and 14 we will find that we have 
assumed that light emanating from an object point is sharply 
focussed at a definite corresponding point in the image. But 
this is not so if we use only one lens. For one thing, the outer 
annular zone of the lens does not cause the light from a point 
to converge to exactly the same point as does the central zone; 
this defect of the lens is known as spherical aberration. Again, 
if we use ordinary white light, which as we know is just a mixture 
of light of different colors, we find that the different colors do 
not all converge to the same point. As a result the images are 
fringed with color— a defect known as chromatic aberration. 

These are only two of the shortcomings of lenses. In order to 
overcome such defects, it is necessaSTy to use a system of several 
individual lenses of differing shapes and made of different kinds 
of glass, instead of one single lens, as indicated in our figures.. It 
would be quite beyond the scope of this book to deal at all fully 
with the subject of aberrations and their corrections. In fact, 
no matter how elaborate the system of lenses which makes up the 
objective or the eye-piece of an ordmary compound microscope 
may be, we may treat each system as equivalent to a single con- 
verging lens as far as our present needs require. But we must 
remember that striving for perfection in the reproduction of an 
object introduces complexity into the optical system in theory as 
well as in practice; attempts to produce a theoretically perfect 
microscope add greatly to the cost of a fine instrument. 

The Resolving Power of a Microscope 

The purpose of any microscope may be looked upon as either 
to enable us to see objects so small that they cannot be dis- 
tinguished by the naked eye or to show us the finest detail in a 
large object. These two features really amount to the Same, thing, 
because if a small object, (Fig. 18), is visible in a microscope 
it is because two points, which are separated' by’^^^^^Eace equd 
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Explanation of plate on page 30 


The plate is arranged to show the relation of magnification, or enlarge- 
ment, to resolving power, which depends on the numerical aperture 
(N.A.) of a microscope. All the pictures are of portions of the shell of a 
species of diatom, Pleurosigma angulatum. 


A to G are optical (light) microscope pictures. 

H and I are electron microscope pictures. 

B is taken with N.A. equal 0.5, magnification XIOO. 

A, C, and E were each taken with the N.A. = 0.75 but with magnifica- 
tions X240, X480, and X960, respectively; there is not much increase in 
detail visible as the magnification increases. 

D, F, and G were taken with progressively greater N.A., m., 0.85, 
1.00, and 1.25, respectively, and with magnifications: X420, X900, and 
X900. The detail is progressively better as the N.A. is increased. 

H is an electron microscope picture with magnification about X5,000. 
This shows the real position of the holes in the shell. I is a broken edge 
of the shell of about the same magnification as H. 


The optical microscope pictures were taken by Dr. D. H. Hamly of 
the Department of Botany, University of Toronto. 
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to A-B on the object, can be distinguished as separate points. We 
have seen that for the unaided eye this limiting distance is about 
l/250th of an inch. The limiting distance for any given micro- 
scope is known as its resolving power. 



Jig. 18 . 

Separation of points and 
linear dimensions of objects as 
involved in discussion of resolv- 
ing power. 


Whether any two neighboring points on an object can be 
seen separated in the image given by any compound microscope 
depends on the objective alone. If they are not separated in the 
image formed by the objective, no amount of additional magni- 
fication by a projecting lens or by eye-pieces will ever succeed 
in separating them. This is illustrated in the series of photo- 
^ graphs in the plate on page 30. Fig. A is the photograph of the 
image of a diatom shell with an initial magnification X240; Figs. 
C and E are successive enlargements of A, i.e., X480 and X960 
respectively. It is quite apparent that little really new comes out 
with the successive enlargements. On the other hand if different 
objectives are used, which give successively better and better 
resolving power, we obtain the results shown on page 30, Figs. D, 
F and G. The actual magnifications in the latter series of figures 
are X420, X900 and X900 respectively. Fig. B has a magnifi- 
cation about X 100, and the smallest resolving power. 

Theoretically, the question is, “What is the closest distance 
by which two points can be separated and still appear as separate 
in the image?” Practically we may ask, “How must the optical 
system be designed to bring about this separation in the image?” 

Light Treated as a Wave Motion 

In order to answer the last question it is necessary for us to 
speak of the nature of light. Up to the present we have been con- 
tent to represent rays of light by means of straight lines and to 
follow the direction of the light by the path indicated by these 
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Fig. 19 . 

How light spreads on passing 
through a small hole in a screen. 



lines or rays. In other words we have tacitly assumed that light 
travels along straight lines in any homogeneous medium as though 
it consisted of luminous particles shot out from the source. This 
theory of light is what is known as the corpuscular theory. If we 
followed this reasoning, we would judge that there could be no 
limit to the minuteness of detail in any object which we might 
be able to resolve and magnify. 

We have already applied the principle of the corpuscular 
theory in the presentation of the simplest image formation by 
means of a single lens (Fig. 5a) . In this figure we represent an ideal 
point, O, on an object as corresponding to an ideal point, I, on 
the image. According to this representation of light rays, if we 
should let a wide beam of light fall against a screen (AB, Fig. 19) 
which has a fine hole, P, we should expect a very thin straight 
and narrow beam of light to pass through P to I. What we really 
would observe, however, is that the very small amount of light 
which gets through the hole, P, spreads out in a fan shape (or 
really in the shape of a cone of light); and, if the eye is placed 
anywhere in the region to the right and directed toward the screen, 
some of the light that gets through P will enter it, and the eye will 
see the light coming from O. 

This is an example of the phenomenon called diffraction, 
which is found experimentally to be a constant accompaniment 
of a wave motion. The experiment depicted above in Fig. 19 
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can easily be duplicated with water waves. If the bottom of a 
lai^e flat pan, Fig. 20, is just covered with water and two flat 
metal bars are placed so as to make a barrier, AB, across the water 
surface with the exception of a narrow opening at P, the experi- 
ment corresponding to Fig. 19 for light can be performed by 
means of waves upon the surface of the water. Drop a little peb- 
ble into the water, say at X; the wavelets will spread out from X as 
a center and will be reflected back from AB except at the open- 
ing, P, where some of the motion gets through to the other side. 
But instead of passing along a narrow path as indicated by the line 
PQ, the motion that gets through P spreads out all around the 
surface in the form of little wavelets which seem to emanate 
from the point P as center. 


A 



Fig. 20, 

How a wave motion spreads 
on the surface of water after 
passing through a small opening 
in a bounding wall. 


It is on account of analogies such as this that scientists were 
constrained to say that light acted as though it had the proper- 
ties of a wave motion in some medium. 

Once this phenomenon of diffraction of light was discovered, 
it was foxmd that it had a very important role in the formation 
of images by lenses. If a small hole in a screen is illuminated from 
the left (Fig. 21) and used as an object point for a lens, L, and 
one uses just a small central portion of the lens, the image formed 
at the point, I, on a second screen will not be merely a sharp point 
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Fig. 21. The spurious disk or anti-point. 

of light but a regular pattern as shown— a bright central disk sur- 
rounded by alternate dark and light rings. If one uses a telescope 
to view the image given by the lens, L, quite a number of such 
rings can be observed and easily photographed. Such a point 
image came to be known to microscopists as a spurious disk or 
anti-point. By no amount of manipulation can one get rid of 
this departure from an ideal image point. 

If, instead of considering the object point as a bright point 
of light, we look at a small particle through a system of lenses, 
we observe in the image the converse of the image shown on the 
screen in Fig. 21, that is, a dark central disk surrounded by a series 
of alternate bright and dark bands. Now if we imagine a second 
small particle at O' very near to the original particle at O, and 
jyst above it, the image pattern of the two points is as depicted 
in Fig. 22. The spurious disk images may overlap to such an 



Fig. 22. Overlapping of the images of two neighboring object points. 
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extent that it becomes difficult to determine that there really are 
two particles in view. In such a case we say that the two particles, 
in the object are not resolved. The critical problem is, “How 
close together can O and O' be and still have the lens system sep- 
arate. them -for us in the imageV' 

The late Lord Rayleigh solved this problem in a rather simple 
way, but before outlining his method we shall have to say a word 
or two about the interaction of two overlapping wave motions. 

The Interference of Waves 

Our whole conception of the interaction of wave motions 
comes from our observation of ripples or wavelets on the surface 
of liquids, such as caused by dropping a stone in water. As the 
stone strikes the surface, ripples spread out from the point of 
impact as center (Fig. 23a). If we could make an instantaneous 



The superposition of two systems of waves on the surface of water. 


photograph of a section of the rippling surface in a plane per- 
pendicular to the surface and through the line AOB, the ups 
and downs would be represented by the uniform wavy line in 
Fig. 23a. The distance, xy (or x'y'), from crest to crest (or 
trough to trough) is loiown as the wave length. Now suppose 
that two stones are dropped in at about the same instant at points 
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O' and O". Two sets of wavelets would develop from the centers 
O' and O". These two would overlap as they proceed; Fig^ 23b 
represents an instantaneous picture of a section of the surface 
through the points O' and O". The surface particles at any point, 
P, will have assumed the displacement due to the sum of the two 
motions, and so the real position of the surface points at the par- 
ticular instant chosen will be that given by the dotted curve. At 
the position P', for example, the surface point will be at its original 
position of rest; that is, at this point the two wave motions com- 
bine to give zero displacement. Again, at the position P, there 
will be an abnormally large displacement due to the two dis- 
turbances adding their effects at this particular instant. 

This interaction of two independent wave motions is known\ 
technically as interference. 

From the above example we see how it is possible, by looking 
upon light as a wave motion, to realize that two beams of light 
may conspire to give zero light (darkness) at some points and 
excessive brightness at other points at the same instant. This 
view offers a rational explanation of the bright and dark rings 
present in the spurious disc in the image of a small point-source 
of light (or a small particle) produced by a microscope. 

This phenomenon of interference forms the basis of Lord 
Rayleigh’s determination of the resolving power of a lens or lens 
system such as a microscope objective. 

The Limit of Resolution of a Microscope 

We may represent the lens system by means of an ideal single 
lens (Fig. 24). The lens L'L", represents diagrammatically the 
objective of a microscope. The center of the image of A will be 
at A', the center of the image of B, at B'. What is the shortest\ 
distance by which A and B can be separated in an object and still \ 
allow A' and B' to be distinguishable as two distinct points in the 
image? Lord Rayleigh’s argument is that A' can be distinguished 
from B' if the spurious discs belonging to the centers A' and B' do 
not overlap too much. This amounts to saying that A' and B' will 
be distinguishable if the part of the light wave motion which comes 
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Fig. 24. Lord Rayleigh’s determination of the resolving power of a lens system. 
The angle A in the text is one-half of the angle L' P L", if P is the mid-point 
of AB. To fit the text exactly AO A' should be the axis. 

from B and which arrives at the point A' does not spoil the effect 
at A' due to the light wave motion coming from A itself. 

Whether the resultant effect at A' due to disturbance from B 
is large or small depends upon the difference of length between 
the paths, BL'A' and BL"A', or in effect, the difference between 
BL' and BL", since, as L'A' is equal to L"A', the lengths of the 
paths in the region to the right of the lens are equal. Lord Ray- 
leigh showed that A' and B' would be distinguishable if the dif- 
ference BL"— BL' were at least equal to the wave length of the 
light used. It can be shown rather easily that the smallest value 
which A-B could have, say d, would be given by the expression 

d=A/2sinA 

where X is the wave length of the light in the space between AB 
and L'L", i.e., in the region where the difference of path BL^'— BL' 
comes in, and sin A is the ratio L'O/L'P fixed by the small angle 
indicated in Fig. 24. The expression for d may also be written 
in the form 

d=\o/2nsmA or d=Ao/2N. A. 

where Xo is the wave length of the light when in a vacuum, and n 
is the index of refraction of the medium between AB and the lens, 
LL". The angle A is called the aperture of the lens and n sin A, 
usually printed N.A., is called the numerical aperture. 
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According to this formula, the power to distinguish two points 
which are very close together in an object is limited in practice 
by the value of the wave length of the light used and by the value 
of the symbol N.A. The smaller the wave length of the light 
used, the smaller the limiting distance AB may be; the larger the 
numerical aperture, N.A., the closer together the points A and B 
may be. In the plate on page 30 are examples of microphoto- 
graphs of the same diatom with the following values of N.A.;B 
= .5; A, C and E=.75; D = .85; F = 1.00; G=1.25. It is quite 
apparent that detail is progressively better as the value of N.A. 
increases. 

The maximum value of N.A. for any lens system used in air is 
slightly less than unity; by using oil immersion objectives, N.A. 
can be made nearly equal to 1.5. Consequently the best we can 
do is to have , , , 

The wave length of the light near the center of the visible spec- 
trum is 6x10'® cm., and so the smallest possible distance, d, for 
visible observation is approximately 2xl0‘® cm., i.e., l/50,000th 
cm., or 1/125, 000th of an inch. This is then also the diameter of 
the smallest particle that we can see or photograph with the aid 
of the most powerful microscope, using ordinary visible Light. 

If we make use of ultraviolet light and photography, we can 
take pictures of particles about one-half this size and so have 
visible in the photograph greater detail in the object. 

This marks the impasse reached by the microscopist by 1900. 

Resolving Power and Magnification 

The argument presented in the preceding section tells us that, 
with the help of even the finest microscope, the smallest particle 
that we can see must have linear dimensions of at least l/125,000th 
of an inch. No amount of magnification or re-magnification can 
reduce this minimum value. Where then does magnification come 
in? 

Since the naked eye cannot see differences in dimensions 
smaller than l/250th of an inch, it is at once apparent that a 
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Explanation of plate on page 40 

The purpose of these pictures is to show the manner in which the 
electron microscope contributes to the interpretation of the best optical 
microscopic pictures. 

The objects are diatoms of a type often used for testing first class oil- 
immersion objectives. 

A shows photographs of Synedra delicatissima. For the oil-immersion 
pictures, perfectly symmetrical Kohler illumination and an aperture giv- 
ing N.A. 1.4 were used. The optical microscope (left) indicates the 
presence of rows of holes, but the electron microscope (X5,000) (right) 
goes further than this and shows positively the size and arrangement of 
these rows and holes. The holes are approximately 0.5fx in diameter, 
they are separated in the row, center to center, by a distance of 0.20/x,; 
the rows themselves are approximately O.QO/x apart. 

B shows corresponding photographs of the diatom, Amphipleura pellu- 
cida. The optical pictures (left) were taken with the same Kohler 
illumination and the same N.A. 1.4. The optical microscope shows bars 
in the valves and hints at the presence of openings within the slots. The 
electron microscope (X5,000) (right) shows clearly the small holes, 
approximately 0.14ju. in diameter, with centers separated by 0.20jtx. The 
rows are about 0 . 20^1 apart. 

C shows a valve fragment of the well-known test diatom Pleurosigma 
angulatum photographed with symmetrical illumination and an aperture 
of N.A. 1.0.* The magnification is enlarged optically to X5,000. 

D is an electron picture of a portion of C with magnification X5,000. 
That D itself does not tell the whole story given by the electron micro- 
scope is shown by the fact that E, a portion of D with total magnification 
XlfijOOO, shows that each individual hole in the shell is really a series of 
four holes approximately 0.1/x in diameter separated from each other by 
0.03/x. The holes appearing at lower magnification are about 0.7/x apart. 

The optical pictures were made by Dr. D. H. Hamly of the Depart- 
ment of Botany, University of Toronto. 
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Explanation of plate on page 42 


This plate reproduces pictures of various kinds of diatoms. 


A is an optical photograph (by Dr. L. T. Ne’wman) of a selected speci- 
men of the type Synedra delicatissima. kindly supplied by Dr. Paul S. 
Conger of Washington, D. C. Note that there is an odd circular type 
of diatom quite foreign to the others. The magnification is X2,000. 


B is a made-up slide showing a random collection of electron micro- 
scope pictures of various types of diatoms found in a random sample 
of diatomaceous earth. The elongated ladder-like structures are similar 
to those types shown in A. 

C is an electron microscope picture of the. diatom type, Cyclotella sp.; 
magnification X25,000. 

D is an electron microscope picture of the diatom type, Cyclotella sp^, 
magnification, X5,000. 
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dimension of 1/125, 000th of an inch must be magnified at least 
500 diameters. This is usually written X500. Though the eye 
can see very small detail, eye strain and fatigue are avoided by 
increasing this magnification from 2 to 6 times. This increase in 
magnification is dependent upon the initial contrast between 
object and field which, in the case of small transparent particles, 
is very low. When the contrast is low no increase in magnifica- 
tion will increase the amount of detail, since image contrast de- 
creases with increase in magnification. Magnifications of X 1200 
to Xl800 are practical with well-stained materials and a good 
oil-immersion objective, but higher magnifications up to about 
X5000 are possible only with metallurgical materials showing 
exceptional contrast. 

Contrast is a primary requirement in the visual perception of 
any image. When contrast is low it can be increased optically by 
the use of suitable filters and photographically by the proper use 
of emulsions and developers. Enlargement reveals very small 
detail by bringing it to the size perceptible to the eye. Empty 
magnifications and low contrast result when the limits already 
mentioned are exceeded. 

The detail seen in unstained materials, such as cleaned diatoms, 
can be improved by increasing the contrast with the use of media 
of higher refractive index than that of cedar oil. Where the use 
of ultraviolet light is possible with unstained organic materials, 
such as thin cross-sections of tissues and of bacteria, the peculi- 
arities of differential fluorescence and absorption increase the 
contrast. While these special techniques have been very success- 
ful in reveahng detail up to the limits of resolution, in ordinary 
practice these limits are very seldom attained. 

The Ultramicroscope 

About 1900 a completely new technique in microscopy was 
developed by Zsigmondy and Siedentopf of the Zeiss Company. 
Like many other scientific advances it involved the application in 
a new field of an ordinary well-known experimental fact. 
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We are quite well aware that the air of any ordinary room is 
filled with motes and dust particles which are invisible when the 
room is well lighted. However, if we darken the room as a whole, 
admit a narrow beam of sunlight or throw a narrow beam from 
a projection lantern and view this bright beam from the side, we 
are made aware of the presence of thousands of motes or dust 
particles floating in the air. But if we look in and along the 
beam toward the source, the same dust particles or motes are 
quite invisible. 

The reason for this phenomenon is that the small motes or par- 
ticles scatter or diffuse or reflect in all directions the light which 
falls on them. When we view the beam laterally our eyes catch 
the scattered light against a dark background, and so we say we see 
the particles. When the whole room is again illuminated the 
dark background disappears so that we can no longer distinguish 
the light scattered by the particles. 

Fig. 25 shows diagrammatically the essential features of the 
Zsigmondy-Siedentopf ultramicroscope. The sample of mate- 
rial containing the small particles— gold ruby glass or some other 
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Fig. 25. The principle of the ultramicroscope. 
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colloidal solution— is illuminated in one direction and viewed at 
right angles to the illuminating beam by means of an ordinary 
microscope. The ‘ultra’ part of this instrument is merely the 
unique illumination which enables the particles to scatter light 
into the microscope so that they are seen against a dark back- 
ground. 

One deficiency of such a set-up is that we are only made aware 
of the presence of such particles, but we cannot measure them or 
tell their shape. On the other hand, we can be made aware of 
the presence of particles very much smaller than those set by the 
limits given in the previous sections. The reason for this is that 
particles of any size will scatter or diffuse some light in all direc- 
tions, and whether we see such particles or not depends on 
whether the amount of light scattered from a particular particle, 
which manages to enter the microscope and consequently the eye 
of the observer, is sufficient to affect the retina. This is chiefly 
determined by the brightness of the illuminating beam. It has 
been calculated that we should be able to see ordinary molecules 
with the ultramicroscope if we could illuminate them so that they 
would be as bright as the surface of the sun. 



F/xed 5 tar 
Vega 



Fig. 26 . Planets are so near that a telescope shows details of their surfaces, and 
gives a distinct measure of their sizes; but fixed stars appear only as points of 
light, on account of their enormous distances from the earth. 
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This phenomenon is analogous to one encountered in tele- 
scopic vision. The only heavenly bodies for which we can deter- 
mine the size by direct observation or of which we can see any 
detail are those belonging to our own solar family, such as planets 
and their satellites (Fig. 26 ) . But we are made aware of the 
existence and position of the far-away fixed stars because they are 
so brightly illuminated that our telescopes gather and transmit to 
our eyes sufficient light to affect the retina. We are however 
not able to tell anything about the size and shape of these fixed 
stars by vision alone, no matter how huge our telescopes. 



Chapter 3 
What is Light? 

The Meaning of a Scientific Theory 

In the preceding chapter we have given some answers to the 
question, “What does light do?” The present chapter will deal 
with the more difficult question, “What is Light?” 

The answer to this question, as to any similar one in the realm 
of science, depends on the amount of information which has been 
accumulated from experimental facts. This information tells us 
what a certain thing does, but the nature and substance of the 
thing itself remains a mystery until the human mind applies itself 
to the interpretation of the experimental facts and forms a theory. 

What do we mean by a scientific theory? 

We have many natural phenomena to theorize about. What 
is heat? What is sound? What is light? What is gravitation? 
And so on. In each case we try to construct in our imagination 
a mechanical model which will, in its working, produce the 
observed effect. 

What do we mean by a mechanical model? We play around 
with various machines and gadgets which do things for us. We 
know the forces involved in springs; we experience the pulls in 
a tug-of-war; we are familiar with the flow of liquids through 
pipes; the intricate motions of tennis balls, baseballs, and golf balls 
are matters of everyday experience. So when we come to account 
for such an intangible, nebulous thing as, for example, heat, which 
we say “flows” from one place to another in material bodies, we 
try to imagine what is flowing. The earliest theory or model of 
heat was the picture of an imponderable, invisible, elusive fluid, 
known by the name, caloric, which was supposed to flow from a 
hot body to a colder body. No experiment was ever devised 
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which could really make such a fluid evident to our senses. Of 
course, everyone now says, “Heat is a mode of motion,” by which 
we mean that we think we have a more satisfactory mechanical 
model for heat; we say that “heat possessed by a piece of matter is 
just the sum total of the energy of motion of the molecules, and 
when heat is transferred from one place to another what is really 
happening is that fast-moving particles are communicating their 
motion to slower-moving molecules and making the latter move 
more quickly.” In our first rough picture we imagine that these 
particles act like swarms of minute tennis balls, colliding and 
bouncing back in a random manner. 

Our judgment as to what is a true theory is merely our answer 
to the question, “Which is the most satisfactory mechanical 
model?” or, “Which model, acting in agreement with the laws 
which our machines must obey, will best foretell for us experi- 
mental happenings?” 

We cannot say that any scientific theory is true or false; we 
decide merely which mechanical model is experimentally the most 
satisfactory. This is the sense in which we shall speak of a theory. 

Theories of Light in Ancient Times 

During the earliest period of recorded human speculation 
about the nature of light very few optical facts were known. 
People saw with their eyes the things around them and a few 
inquisitive minds wondered how the process of vision came about. 
The early Greek philosophers attempted explanations of the 
phenomenon of light, but their experimental, knowledge was con- 
fined to three points; (1) transmission of light in straight lines, 
(2) reflection from smooth polished surfaces, and (3) bending of 
light by refraction in passing from one medium to another. 

Pythagoras (582-497 B.C.) taught that vision was caused by 
particles continually projected from the surfaces of visible objects 
into the pupil of the eye. The teaching of Plato (427—347 B.C.) 
was rather more elaborate; he held that vision was brought about 
by the union or interaction of something emitted from the eye 
itself and something else emanating from the object itself. Plato’s 



50 


THE ELECTRON MICROSCOPE 


model was threefold; a stream of divine fire emitted by the eye 
itself became united with an influence coming from the sun and 
this combination reacted with a third emanation from the object 
itself and so accomplished vision. The simpler Pythagorean idea 
survives today hi what is known as the corpuscular theory of 
light. 

Aristotle (384-322 B.C.) discarded these emission theories of 
light and substituted for them what might be looked upon as a 
nebulous forecast of the modern nvave theory, he maintained that 
light was merely a quality of, or action in, a space-filling medium 
which he called the pellucid—the forerunner of the modern ether. 

Modern Theories: Corpuscular Theory and Wave Theory 

Little would be gained by trying to unravel the intricacies of 
the theorizing regarding light down through the ages. The out- 
burst of experimental science beginning in the sixteenth century 
revealed in the course of one century many of the fundamental 
properties of light and laid the foundations of all future work 
in this field. 

In 1608 the first telescope of which there is a published 
account was constructed by a Belgian spectacle-maker, Hans 
Lippershey. One year later, using this as a starting point, Galileo 
built a telescope of such perfection that he was able to see, for the 
first time in human experience, the satellites of Jupiter; this opened 
a new field to the astronomer. 

In 1621, Willebrod Snell, a Dutch scientist, discovered the 
laws governing the refraction of light, the phenomenon illus- 
trated in Figs. 2 to 5. These laws enable us to foretell the amount 
of bending undergone by a light ray as it goes from one medium 
to another. 

In 1675, Olaf Roemer, a Dane, discovered that light is propa- 
gated through space at a finite, though very large, velocity and 
not instantaneously, as previously supposed. He made this dis- 
covery by observing that the times of the eclipses of the satellites 
of Jupiter did not show the regularity that one would have 
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expected. He accounted for this irregularity by assuming that 
the differences were due to the fact that, on account of the 
changing distances between the earth and Jupiter, the light took 
a longer or shorter time to come from Jupiter to the earth as the 
distance between these two planets changed due to their indi- 
vidual rotations about the sun. He found that this anomaly was 
completely accounted for if one assumes that light travels through 
space at the rate of 192,000 miles per second— the first experi- 
mental determination of this important quantity (Fig. 27). 


Fig. 27. 

Roemer’s determina- 
tion of the velocity of 
light. 
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About the same time (1672) Sir Isaac Newton made the 
remarkable discovery that ordinary white light, such as sunlight 
or light from an incandescent solid, is broken up by a prism into 
many colored components, giving the colors of the so-called 
spectrum— a distribution of colors already familiar in the rain- 
bow; in fact this discovery of Newton’s at once offered an expla- 
nation of the formation of rainbows. 

To complete the contributions of this wonderful century of 
progress we record that in 1690 Christian Huyghens, also a Hol- 
lander, observed that the natural crystal, Iceland spar, could break 
up a single beam of light sent through it into two parts, which 
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travelled through the crystal in different directions. This dis- 
covery revealed the phenomenon which we call polarization of 
light, a property of light which has become a matter of everyday 
knowledge since the invention of polaroid. The striking thing 
about this phenomenon is that if a beam of light is passed suc- 
cessively through a pair of such crystals the light corresponding 
to one or other of the two parts can be shut off by rotating one 
of the crystals about the direction of propagation of the light, 
although each of the crystals is of itself quite transparent inde- 
pendently of any such rotation (Fig. 28) . 



Cq/Stdf 
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Fig. 28. Polarization of light by crystals in Polaroid. 


The construction of a theory which would be able to explain 
satisfactorily all these phenomena was a much more difficult task 
than that which had confronted the Greek philosophers. It is 
small wonder then that many different theories, upheld by differ- 
ent schools of thought, co-existed for long periods of time. 

In Huyghens’ and Newton’s time two opposing theories 
existed; these were known as the Huyghens wave theory and 
the Newton corpuscular theory. On close examination of New- 
ton’s own statements it will be found that his theory was the more 
general one and that it left room for both the corpuscular and 
the wave concept. 

In so far as light is a transmission of energy through space we 
would be justified in accepting a corpuscular theory, that is, that 
a light source shoots out in all directions fine particles or cor- 
puscles which enter our eyes and affect the retina (Fig. 29) . 
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Fig. 29. Energy may be transmitted through space by a moving mass. 

But there is a way in which energy can be transmitted through 
space without the actual transmission through space of any par- 
ticles or corpuscles. One of the first experiments in physics 
that almost every child does illustrates this fact (Fig. 30) . A row 
of dominoes, each standing on end and near its neighbor, can be 
arranged in any fantastic figure and, when one end donmo is 
toppled over, a pulse of falling dominoes passes along the line. 
The motion, and therefore the energy, is carried along through 
space, but matter is not transferred from the starting point to 



Fi(i. 30. The transmission of energy from point to point without the transfer of 

any mass. 
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the end point. Just as simple, but more far-reaching, phenomena 
are observed in the waves on the surface of water. These waves 
are caused by the winds disturbing the equilibrium of a quiet, flat 
surface, and we know from the destructiveness of violent storms 
that these waves carry along enormous amounts of energy. But 
if we toss a stick on the surface at any point we see that it is not 
carried along by the wave motion but merely bobs up and down 
close to the point where it was thrown in. From this we gather 
that the water itself is not carried along with the wave motion, 
and that consequently, energy alone must be transmitted. 

We may say then that, as far as light is merely a transmission 
of energy, we would be justified in accepting a wave theory, that 
a light source initiates a vibrational motion in some medium, and 
that energy is carried along without the passage of material par- 
ticles along the line of the motion. 

Although we have outlined above the approaches to a solu- 
tion we are still not very convinced that we can answer the ques- 
tion, “What is Light?” 



Chapter 4 

Wave Motion and Wave Motion Media 

The Elements of Wave Motion 

As indicated already in Fig. 23 (p. 36), our fundamental 
ideas regarding the propagation of energy by wave motion come 
from the actual motion which we observe in waves on the surface 
of water. Fig. 31 illustrates what happens when we drop a stone 
on the smooth surface of still water. As the stone strikes the 
surface, wavelets spread out in concentric circles from the point 
of contact as center, and a floating object on the surface at any 
point will bob up and down. Fig. 31 may be taken to represent 
graphically two facts about this wave motion. First, if we could 



Fig. 31. Graph of water wave showing the meaning of wave length, phase, fre- 
quency and velocity for a typical wave motion. 


imagine that the surface could be kept fixed as it is at any given 
instant, as when the moving picture director cries, “Hold it!,” 
the curve shows the relative position of the surface points at that 
instant; in the second place, if we imagine the curve travelling 
along in the direction of, for example, A to B, with the velocity 
of the wave itself, we have a picture of the progress of the motion; 
and, if we fix our mind on any one point, as Yi, we get a true 
idea of the motion of a water particle at this point as the wave 
sweeps along. Since the actual motion of the particle is at right 
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angles to the direction in which the wave itself is progressing, this 
is said to be a transverse wave. 

We can learn from this figure some of- the technical language 
applied to wave motion in general. As we have already pointed 
out, the distance from crest to crest or from trough to trough is 
called a wave length; two points which are in corresponding posi- 
tions in the crests or troughs, as Xi and X2, are said to be in the 
same phase. The number of times the particle at a point on the 
surface bobs up and down in one second, or, as we might say, the 
number of times a particle completes a cycle in a second, is known 
as the frequency of the wave motion. It is at once apparent that 
the velocity with which the disturbance moves forward is equal 
to the number of wave lengths marked out per second, i.^., is equal 
to the frequency multiplied by the wave length. This is expressed 
in mathematical shorthand by the symbols 

V=v\ 

where V means velocity, v frequency and X wave length. 

Sound Wave Motion in Gases and Liquids 

Now although we get our simplest example of wave motion 
from surface water waves, this phenomenon is quite inadequate to 
serve as a model of wave motions propagated through space in 
three dimensions. The water wave spreading over a surface is 
confined to that surface and cannot serve as a model for the motion 
caused by the explosion of a depth bomb below the surface, which 
spreads out from the source in all directions in the ocean, nor 
for the disturbance set up in the air by, say, a firecracker. These 
two are examples of wave motions in three dimensions; but in 
both cases we have energy being transmitted from one point to 
another in the form of sound. 

For a more detailed description of the phenomenon we illus- 
trate, in Fig. 32 (a, b, c), the propagation of the sound from a 
gong which has been struck by a drum-stick; this drawing was 
constructed in accordance with our accepted model of the air, 
namely, that it is a collection of small spherical particles swarming 
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around in random motion. The metal disk vibrates when struck. 
As it moves to the right it compresses the air in its immediate 
vicinity to the right; then it swings back toward the left, making a 
compression to the left side and leaving a rarefaction on the right 
side. The air near the disk goes through this succession of oscilla- 
tions as long as the vibrations of the disk continue. 




Fig. 32. The motion of air particles in the neighborhood of a vibrating gong. As 
the sound travels to the right, (b) represents how the pressure varies at any 
point along CO'. 


The events takiug place on the right side of the disk are 
shown diagrammatically in Fig. 32 c which represents, as it were, 
a snapshot exposure of the air particles. The shaded regions are 
those of compression and the dotted regions are those of rare- 
faction; the little arrows indicate the direction in which the air 
particles have moved just before the snapshot was taken. A 
moment later the disk will bulge to the left and the state of affairs 
will be reversed in every respect. We can really measure the 
pressures along the line CO' as the sound is travelling, and the 
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curve in Fig. 32b shows graphically the relation between the pres- 
sure at a point along CO' and the distance of the point from the 
center of the disk at the time of the snapshot. As the direction 
of motion of the air particle is the same as that in which the sound 
moves, this form of wave motion is said to be longitudinal. 

The human ear, which acts as a receiver, responds to the 
variations in air pressure, and the sensations produced physiologi- 
cally are interpreted as sounds of different loudness and pitch. 
Since sound cannot be transipitted in a vacuum, we must accept 
the conclusion that the air is the mechanical link between the 
sound transmitter and receiver. 

That sound is a form of energy is readily understood if one 
recalls that windows may be broken by the impact of sound waves 
resulting from an explosion at some distance. Although the 
results are not so violent, energy is also necessary to produce the 
motion of our ear drums as they record sounds falling upon them. 

Sound travels not only through air (and other gases) but also 
through liquids and solids. In every case the origin of the sound 
is a periodic disturbance which causes a slight displacement of the 
molecules of a material medium, and the resulting periodic wave 
motion is due to the action of forces which always come into play 
to push these disturbed molecules back into their original posi- 
tions. The velocity with which the disturbance moves through 
any medium depends on the nature of the medium, and the molec- 
ular forces called into play to restore the molecules to their orig- 
inal positions are known as elastic forces. We call this property 
of a medium, elasticity; every medium has its own peculiar elastic 
properties which are indicated by so-called elastic constants. 

Sound waves in any medium are thus elastic waves. If the 
frequency of the motion set up in any medium is between 20 
cycles and 20,000 cycles per second, the resulting motion affects 
our ears, causing a sensation in the brain which we call sound. 
Any disturbance set up in a given medium, whether we can hear 
it as a sound or not, travels with the same kind of vibratory motion 
and with the same velocity. In fact, the velocity of any such dis- 
turbance in any given medium depends only on the elastic con- 
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stant of that medium and its density, and not at all on the sound 
characteristics, such as pitch and intensity. 

Consequently, a disturbance caused by an explosion in air 
travels with the same velocity in still air as the sweetest note of 
a bird. Again, when a depth charge is set off in the ocean at a 
considerable distance from the surface, the disturbance travels out 
from the center of the explosion in spherical waves of compression 
and rarefaction with a velocity which is the same as the velocity 
of any ordinary sound in water, or about 4,500 feet per second. 
The direction of the to and fro motion of the molecules in liquids 
is always back and forth along the direction of progress of the 
disturbance, so that here, as in the case of gases, we have longi- 
tudinal wave motion. This is the only possible kind of wave 
motion that can exist in liquids and gases. 

Sound Wave Motion in Solids 

When we come to study how sound travels in solids, we find 
the complication that two kinds of sound waves are possible. 
If we pluck a violin, harp, or piano string in the ordinary way we 
obtain a rich, pleasing note: but if, instead of plucking the string, 
we pull it with a resined cloth along its length, we obtain a screech- 
ing, unpleasant note. Both these notes are due to vibrations set 
up among the molecules of the string; but from the maimer in 
which the disturbance is caused we see that the motion of the mole- 
cules, in the first case, must be perpendicular to the length of the 
string or transverse, whereas in the second case the motion will 
be longitudinal, i.e., parallel to the length of the string. So if we 
could see the motion of the molecules inside the string, we should 
observe that the disturbance is carried along in one case by a 
transverse avave and in the other by a longitudinal wave. Experi- 
ment has shown that these two wave motions in solids are regu- 
lated by rvvo separate elastic constants, which correspond to two 
separate elastic properties of the solid of which the string is made. 

In summarizing our various experiments demonstrating the 
propagation of different waves in material media we should search 
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for a common criterion that makes the establishment of the waves 
possible in all cases. To begin with, the equilibrium of the medium 
in question is in every case disturbed by an external force which 
imparts to the particles of the medium a displacement in the direc- 
tion of the force. This displacement is not permanent. The 
medium offers a resistance which tends to restore the equilibrium 
position of the particles when the external force is removed. Plas- 
tic solids, such as plasticine and dough, which do not possess these 
strong molecular forces, cannot maintain a wave motion and conse- 
quently cannot transmit sound. The motion of the diaphragm of 
the gong in Fig. 32 sets up longitudinal waves in the air due to the 
ability of the gong to vibrate for some time after being hit by the 
drum-stick. In this case we have not only the vibrations in the air 
but also a wave motion travelling to and fro within the metal of 
the plate at a definite rate— a wave in the solid itself. 

It is to these internal wave motions that we referred in pointing 
out the existence of wave motions in the material of the violin and 
piano strings. The disturbances which we call earthquakes are 
wave motions transmitted through the solid crust of the earth, 
and it is this kind of wave motion in a large volume of homo- 
geneous solid that has really served as the prototype for the wave 
theory of light. 

The Velocity of a Wave Motion 

The interrelation between the elastic constants and the density 
of solids and the velocity of a wave motion was very fully explored 
many years ago, beginning with the experiments of Robert 
Hooke (1635-1703). It was found that the velocity, V, was 
given by the relation 

V = ^/E/d 

where E and d are the elastic constant and density of the solid, 
respectively. 

In Table 2 is collected some information regarding the velocity 
of sound in some typical media, as deduced from this relation; in 
every case the numbers obtained for the velocities agree very well 
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with those obtained from experiment. Of course all these quan- 
tities change with changing temperature; usually these measure- 
ments are taken at a standard room temperature, 20° centigrade 
or 68° Fahrenheit. 

Table 2. Values of the Velocity of Sound. 

Elastic Constant 


Substance 

(dynes per 
sq. cm.) 

Density 
(gram per cc.) 

-Velocity of Sound * « 

(cm. per sec.) (ft. per sec.) 

Aluminum 

7.0 X 10“ 

2.70 

510,400 

16,740 

Copper 

Lead 

12.3 X 10“ 

8.93 

356,000 

11,670 

1.6 X 10“ 

11.37 

122,700 

4,026 

Steel 

20.9 X 10“ 

7.8 

499,000 

16,360 


* From Smithsonian Tables. 
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Trachea of honey bee (X 15,000). 


62 


THE ELECTRON MICROSCOPE 



Courtesy RCA Laboratories 


Trachea of mosquito larva (X 7,500) 





Chapter 5 

The Wave Theory of Light Accepted 


The Medixun Necessary for Light Wave Motion 

Since the conception of a wave theory of light was based on 
experimental proofs of the existence of wave motions in material 
media, it was incumbent on the supporters of this idea to provide 
a model medium in which such a wave motion could take place. 
It was postulated that a satisfactory medium did exist through- 
out all space; this was given the name ether— ]ust another of the 
invisible, imponderable fluids which have often served to satisfy 
the human longing for an explanation of mysterious natural 
phenomena. 

Manifestly this new medium must have an elastic constant and 
a density such that the velocity of light would be given by the 
relation 

yF = VE7d 

When first suggested, the ether was assumed to be a fluid, i.e., a 
liquid or a gas, and so the motion of the particles of the ether was 
supposed to be longitudinal. 

Modern determinations of the velocity of light make it 186,000 
miles per second (or 30,000,000,000 cms. per sec.)— a perfectly 
enormous velocity compared with any that had ever been ob- 
served for any sound wave. In order that such a velocity should 
exist in any medium the value of the elastic constant, E, would 
have to be extremely large or the density of the medium would 
have to be extremely small, or both of these conditions would have 
to obtain at the same time to a lesser degree. In effect, if the ether 
were supposed to have an elastic constant, E, equal to that of steel, 
i.e., if it were as rigid as steel, the density could not be larger than 
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about l/50th that of the lightest known substance, hydrogen gas; 
if, on the other hand, the ether were supposed to have a density 
equal to that of hydrogen, the elastic rigidity would have to be 
about 50 times that of steel, one of the stiffest materials. 

The Corpuscular and Wave Theory Contrasted 

We have seen that in so far as light is to be considered merely 
as an example of the transmission of energy through space, we 
have no particular reason to prefer one of the theories to the other. 
Table 3 offers a comparison of the two theories and an appraisal 
of the degree with which they meet the demands of experimental 
facts. 


Table 3. Comparison of the Two Theories of Light. 


Phenomenon 

Experimental 

Facts 

Wave Theory 

Corpuscular 

Theory 

High velocity 

186,000 mls./sec. 

Medium necessary 

Satisfactory 

Propagation 

In straight lines 

but very difficult 
to conceive 
Difficult 

Medium 
not necessary 
Satisfactory 

Reflection 

Experimental 

laws 

Satisfactory , 

Satisfactory 

Refraction 

Experimental 

laws 

Satisfactory 

Questionable 

Diffraction 

Bending around 
obstacles 

Satisfactory 

Impossible 

Interference 

Possible for two 

Satisfactory 

Impossible 

We realize 

portions to be 
added to pro- 
duce darkness 

from this table 

that neither theory 

is able to give 


a satisfactory account of all experimental facts. If we accept the 
existence of an ether having very freakish properties, the wave 
theory seems to afford a better model than the corpuscular theory. 
The latter fails completely to offer any explanation for diffraction 
or interference. As we have already dealt with diffraction (Figs. 
19 and 20, pages 33 and 34), we shall now consider interference 
in more detail. 
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Interference of Light Waves 

The simplest experiment showing interference of light is 
illustrated in Fig. 33. Light from a source, S, is shielded by a 
screen with a small hole, P, which acts as a point source for 
the space to the right of the screen. The light from P spreads 
out and falls on a second screen which is pierced with two holes, 
A and B, symmetrically placed with respect to the center line of 
the figure. The light passmg through the holes, A and B, is allowed 
to fall on a third screen some distance away, so that the cones of 
light from A and B will overlap. Now, instead of the last screen 
being uniformly illuminated, we observe on the screen alternate 
bands of light and darkness. That is, we have the curious phe- 



Fig. 33. How two light beams “interfere” with each other. 


nomenon of light from two sources, A and B, travelling inde- 
pendently to a screen and, with no obstacle involved, producing 
darkness at some points on the screen. By no stretch of the imag- 
ination can we convince ourselves that corpuscles travelling along 
can produce this effect. 

On the other hand, the wave theory gives a very natural fore- 
cast of such a result. If one: wave crest tends to produce a com- 
pression of the ether and the trough of a second wave tends to 
produce a rarefaction at the same point simultaneously, the two 
forces, if equal in intensity, will cancel each other and the ether 
will remain undisturbed at that point. If this happens all along the 
path of two co-existing waves, which thus we describe as opposite 
in phase, then the ether will remain undisturbed all along the wave 
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path. The effect is the same as if no waves had been propagated 
at all, or in other words we have two independent waves of light 
adding up to darkness. Fig. 34 illustrates this state of affairs by 
diagrams which correspond to those in Fig. 32b. 



(d) 

Fig. 34. The interference of two wave motions having a difference in phase of 

one-half a wave length. 

These figures are snapshot exposures of the density of the 
medium along the direction, s, in which the light is travelling. 
Wave No. 1 starts with a compression, wave No. 2 with a rarefac- 
tion. It is apparent that one wave is a half wave length behind the 
other, or as we say technically, it is out of phase with the other by 
that amount. This leads to the complete cancellation of the two; 
if the two waves are superimposed as in Fig. 34c, the next figure, 
34d, gives the graphical result,, i.e., no action at any point along 
the path. As each wave represents an independent light beam of 
the same intensity in both cases, we must conclude that light plus 
light adds up to darkness under the particular circumstances that 
were just described. If, on the other hand, we arrange it so that 
wave No. 2 in Fig. 34b is shifted with respect to the first wave by 
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a quarter of a wave length, we produce the conditions illustrated 
by Fig. 35 (a and b). Both waves have again the same wave 
length; they are shoAvn superposed in Fig. 36c. When we com- 
bine these two so as to represent the distribution of compressions 



Fig. 35. The interference of two wave motions having a difference in phase of 
one-quarter of a wave length. 

and rarefactions which is the resultant of the two, we obtain 
Fig. 35d, which is a new wave of different shape but still of the 
same wave length. Comparing Figs. 35d and 34d we realize that 
now the two waves do not cancel out all along the path from O 
to F as before, but only at the points B, D, and F. Between these 
points the medium is definitely disturbed and energy is propa- 
gated. If we were to expose instantaneously a strip of film along 
OF, this film, when developed, would show the pattern of 
Fig. 35e, i.e., dark regions at B, D, and F, and light regions 
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between these -points with shaded transitions. This example ex- 
plains how nicely the wave theory accounts for the phenomenon 
of interference without any artificial assumptions. 

The Acceptance of the Wave Theory 

Although the attempt to explain the fact that light appears to 
travel in straight lines by using the wave motion model has always 
been a stumbling block, and still seems a bit artificial, we may say 
that by 1800 the wave theory was considered to have solved so 
many difficulties more acceptably than the corpuscular theory, 
especially as regards reflection, refraction, diffraction, interfer- 
ence, and polarization (somewhat later), that it was almost 
unanimously accepted as the true theory of light. But the medium, 
ether, with its unique properties, remained an enigma. 

Up to a little after 1800 it was tacitly assumed that the wave 
motion involved in light was a longitudinal vibration, which means 
that the hypothetical ether had the properties of a fluid. But in 
order to explain the polarization of light (see Fig. 28), it was 
found necessary to consider the vibration as transverse, and, con- 
sequently, as only solids can have a transverse vibrational motion, 
scientists were constrained to look upon the ether as a solid; so 
during the last century there was a good deal written about the 
elastic solid theory of light. Of course it must have seemed a 
rash thing to think of such a solid pervading all space and still 
allowing the planets of the solar system to keep on moving through 
space about the sun without any sign of the slightest resistance 
being offered to their motion. 

To conceive what at the time is looked upon as impossible is 
one of the most difficult steps that the human mind can take. We 
do not speak here of a sheer flight of fancy that scans the horizon 
of ideas recklessly, but of the matured thought which tears itself 
loose from seemingly unbreakable bonds and catches a glimpse of 
a new reality. In the realm of science these bold forward steps 
are the mark of genius. Such an advance is dictated by the ac- 
cumulated knowledge of experimental facts, but at the same time 
these steps intuitively embrace new facts as yet undisclosed. 



Chapter 6 

The Electromagnetic Theory of Light 

Faraday’s Conception of Fields of Force 

Up to the present we have been speaking of light as an isolated 
phenomenon of nature. It is probably not too much to say that, 
as far as physical sciences are concerned, the most important dis- 
covery of the nineteenth century was that the phenomena of 
light, electricity and magnetism are intimately related. In fact 
it has been proved beyond the shadow of a doubt that light is 
itself an electromagnetic phenomenon. The twentieth century 
has already gone a great way further in showing that the relation 
' between light and matter is so intimate that it is possible to bring 
about a transformation of light "(radiation) into matter and of 
matter into light. Indeed, both light and matter present a dual- 
istic aspect— a wave motion and a corpuscular discreteness. In 
developing this idea we shall have first to recall the discoveries 
in fields of natural phenomena apart from but paralleling develop- 
ments regarding light. 

During the two hundred years preceding 1800 the funda- 
mental facts regarding electricity and magnetism were known, 
in so far as the existence of two kinds of electricity and two kinds 
of magnetic poles is concerned. At this time it was not known 
that electrical charges and magnets had the slightest connection. 
Following a suggestion by Benjamin Franklin, the charge assumed 
by ebonite when it is rubbed with fur was called negative electric- 
ity, and that assumed by glass when it is rubbed with silk was 
called positive electricity. When two pith balls, one touched to 
charged ebonite and the other touched to charged glass, were 
brought close together they attracted each otherj but if the two 
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were touched to the same electrically charged body (ebonite or 
glass) they repelled each other (Fig. 36) . 

Since there are forces existing between these charged pith balls, 
energy has been transmitted through space from one body to the 
other. The question arises, “How does this interaction of forces 
take place?” 

This problem will naturally bring to mind the similar one 
involved in the propagation of light. There is, however, a dif- 
ference between the two types of energy transfer. In the case of 
light, it is only a transfer of energy from a source to the receiver, 
which may be the human eye or a photoelectric cell or a thermo- 
couple. It is a unidirectional transfer of energy, a flow in one 
direction, however it comes about. This state of affairs does not 
prevail in the case of the two pith balls. 



Uncharged 

Fig. 36. How charged pith balls attract and repel each other. 


The repulsion or attraction in the case of the two balls involves 
a certain amount of work, so that energy must have been supplied. 
But we cannot say that ball A is the source and B the receiver of 
energy or vice versa. Again, unlike light, this phenomenon does 
not involve a continuous transfer of energy from source to re- 
ceiver, but the setting up of a state of equilibrium in which one 
pith ball is kept at a certain distance from the other in spite of the 
effect of gravity, which would make the balls hang vertically. 

Most of the early workers were content to cover up their 
ignorance of this mysterious state of affairs by saying that it was 
just a case of “action at a distance,” quite analogous to the mutual 
attraction of the sun and the earth. 
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An exactly similar situation developed with regard to the 
action of one magnet on another. In the minds of the early scien- 
tists, like poles repel one another and unlike poles attract one 
another due to some innate property of the magnets, not at all 
dependent on what is in the space between them. 

Faraday, whose scientific thinking was dominated by mental 
pictures of mechanical models of natural phenomena, was consti- 
tutionally a vigorous opponent of the ideas involved in the phrase 
“action at a distance.” He was a firm believer that the interaction 
between charged pith balls, as well as that between magnets, could 
be explained only by assuming that something was happening in 
the space surrounding the pith balls (or around the magnets); 
Faraday held that there was set up m the space a state of strain in 
some medium filling the space. The space around the reacting 
bodies thus became the mechanical link causing the repulsion or 
attraction. This state of affairs is expressed by saying that there is 
a field of force (electrical) around the charged pith balls and an- 
other different field of force (magnetic) surrounding the magnets. 

Media for Electrical and Magnetic Fields of Force 

These two media, electrical and magnetic, would have to be 
imagined to exist coincident with the ether which was assumed 
for explaining the propagation of light. 

The whole question was complicated by the discovery of 
Oersted in 1820 that there existed a magnetic field in the space 
about a circuit bearing an electric current, and the discovery made 
later by both Faraday and Henry that currents of electricity could 
be made to flow in a circuit when the circuit was moved relatively 
to a magnetic field. According to the Faraday view all these 
effects will involve these electrical and magnetic media, and the 
idea grew that both electrical and magnetic effects might be con- 
sidered to be due to the action of one medium, a kind of an elec- 
tromagnetic ether. 

Now to set up strains in a medium in space requires that the 
medium^ should have elastic properties, just the same kind of prop- 
erties as the ether imagined for light. Faraday was brought to the 
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point of considering that one ether might suffice for all these pur- 
poses and suggested the hypothesis that light itself ivas an electro- 
magnetic phenomenon. 

Experimental Proof of Connection between Light, Electricity and 
Magnetism 

Under the dominance of this idea, Faraday began to devise 
experiments which would establish the truth of this supposition. 
He searched for this evidence for many years and was rewarded 
for his endurance in the end by the discovery of what is known 
as the Faraday effect (1845). A beam of polarized light passing 
through some solids or liquids is affected by a magnetic field in 
such a way that the plane of polarization of the beam is rotated 
by a certain amount if the medium is subjected to a magnetic field. 
Faraday’s search for the discovery of a similar influence of an 
electrostatic field upon light failed, but another British physicist, 
Kerr, in 1875, discovered that a solid or liquid becomes double 
refracting, like Iceland spar, under the influence of an electrostatic 
field. This is known as the Kerr effect; the Kerr cell, based upon 
it, has for many years been an important element in television. 

Maxwell’s Electromagnetic Theory of Light 

Faraday’s ideas found their most concise expression in mathe- 
matical terms in Clerk Maxwell’s electromagnetic theory of 
light (1865). It achieves the fusion of the optical, electrical and 
magnetic theories, presented earlier, into one new theory that 
comprises all these phenomena. Faraday’s ether, the carrier of 
electromagnetic energy and Fresnel’s ether, the carrier of light, 
become one and the same; but the new ether is no more an elastic 
solid ether, but more etherial in nature. Maxwell maintains that 
light is propagated as a transverse wave in the ether. The existence 
of a wave demands that some physical quantity varys periodically 
along the direction of propagation of the energy transferred. This 
quantity, which formerly was the density of a material ether, 
now is the electric and magnetic field in free space. To speak of 
light as a transverse electromagnetic wave, then, means that along 
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the beam electric and magnetic fields exist which are directed at 
right angles to the direction of propagation and which periodically 
rise and fall in intensity from zero to a maximum to zero and a 
minimum and to zero again. Since Faraday’s fields are made the 
variable quantity of the light wave, Maxwell’s theory demands that 
electric and magnetic disturbances of the ether will show the same 
properties as light and will be propagated with the same velocity, 
i.e., with the speed of light. 

This theoretical conclusion was verified experimentally by 
Heinrich Hertz in 1887. He found that electromagnetic waves 
were produced by a spark gap and could be reflected, refracted, 
diffracted, and focussed in the same manner as light waves and 
that they were indeed propagated with the same velocity. These 
epoch-making experiments thus confirmed Maxwell’s electromag- 
netic theory in the most beautiful manner and everybody was 
very happy indeed. The mystery of light seemed to have been 
solved once and for all. 



Chapter 7 
The Electron 


The Discovery of the Electron 

In spite of the success of the electromagnetic theory, there were 
minor uncertainties to be cleared up. It was not clear, for instance, 
how dispersion of light in a refracting body came about. In order 
to develop a satisfactory explanation for these phenomena, L. 
Lorenz (1880) postulated the existence of small, electrically 
charged particles in all material bodies, which were to have the 
property of vibrating with a natural frequency when disturbed by 
a light wave. The creation of light at the source, i.e., the excita- 
tion of the ether, also had to be ascribed to such vibrating charged 
particles. They were, as yet, of an entirely fictitious nature from 
an experimental point of view, but their existence was demanded 
by a brilliantly conceived and well founded theory. 

It was not long before the physical reality of these charged 
particles was discovered. Early in the second half of the nine- 
teenth century several outstanding physicists in various countries 
devoted a good deal of their time to the study of gaseous dis- 
charges, i.e., the passage of electricity through a partially evacu- 
ated glass tube. Tubes known' as Geissler tubes on the continent 
and Crookes tubes in England were the earliest examples of these 
experiments, and our neon signs are an end product of this chain. 
During this period we meet men like Johann Wilhelm Hittorf, 
Sir William Crookes, Eugene Goldstein, Sir J. J. Thomson, and 
F. Braun. Their work led to the discovery of the electron by 
Sir J. J. Thomson in 1897. All the workers which we have just 
mentioned had found that a certain radiation is given off by the 
cathode, the negative pole, when a voltage is applied through the 
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partially evacuated tube by connecting its sealed-in terminal wires 
to a Wimshurst machine, a battery of galvanic cells or, later, an 
induction coil. This radiation came to be known as the cathode 
stream or cathode rays. 

Fig. 37 shows the diagram of a Geissler tube and the striations 
visible at a pressure of about 7.6 mm. of mercury.* Fig. 38 shows 




the familiar Braun tube, a sample of which is in almost any physics 
laboratory. It is generally about one and a half feet long. At 
K an aluminum disk is sealed into the neck of the mbe to serve as 
cathode and at A a wire is sealed into the side of the neck to serve 
as anode. A disc with aperture at B permits passage of the central 
section of the cathode stream which enianates from the cath- 
ode, K. This fine beam then strikes a mica disc, S, which is cov- 
ered with some luminescent powder that gives off light when 
struck by the cathode stream. The pressure in the Braun tube, 
first constructed by F. Braun in 1897, is about 5 millionths of 
one atmosphere or between 1/100 and 1/1000 mm. Hg. We 

I 

* Low pressure in evacuated tubes is expressed in terms of “Millimeters Mercury'’ 
(mm: Hg.). The normal pressure of the atmosphere at sea level is equal to 760 mm. 
Hg. 7.6 mm. Hg. is then about atmosphere. Modern radio tubes are exhausted 
to about 
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may gather from Fig. 39 that the position of the anode i§ unimpor- 
tant; it need not face the cathode. The linear emission of the 
stream from the cathode is not affected. 

It was in 1895 that Roentgen made the discovery of x-rays 
while working with these gaseous discharge mbes, and it was a 
very live question at the time whether these two mysterious 
streams— the cathode stream and the x-ray stream— were some 
kind of light or not. 

There were many ways in which the cathode stream resembled 
ordinary light. When the stream was allowed to fall on the sur- 
face of various minerals placed inside the vacuum tube, the min- 
erals would be m^de to fluoresce, often with brilliant colors. 
Sir Wm. Crookes observed the phenomenon on such minerals 
as zincblende, fluorspar, wHlemite and diamond. When the high- 
est vacuum was reached, the glass of the tube itself gave a brilliant 
fluorescence wherever the cathode stream struck it; the color 
was usually of a greenish hue, but the color was found to depend 
on the nature of the glass. 



Fig. 39. 

The shadow of a metal 
obstacle cast by cathode 
stream. 


If an opaque object were placed in the path of the stream a 
very sharp shadow was cast (Fig. 39) . This experiment suggests 
that the cathode stream travels in straight lines as in the case of 
ordinary light. 

But there were two very important respects in which the 
cathode stream differed definitely from light. The stream was 
repelled from a negatively charged plate and attracted toward a 
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positively charged plate— which suggested that in some way the 
stream bore a negative charge. Again, if an ordinary small bar 
magnet were brought near the discharge, the stream was deflected 
at right angles to the direction in which the magnet was pointed. 
If the north pole of the magnet were brought near the stream, 
the deflection would be in one direction; for the south pole, the 
deflection would be in the opposite direction. These experi- 
ments are easily shown with the Braun tube (Fig. 38) as the 
motion of the beam is indicated distinctly by the movement of 
the fluorescent spot on the screen. No experiment was known 
which would show that ordinary light would be acted upon 
by either an electrostatic field or a magnetic field in such a 
simple manner. 

The last experiment was epoch-makiug, because from it Sir 
J. J. Thomson deduced that the deflection was such as would 
happen if the cathode stream really consisted of a stream of nega- 
tively charged particles. By a combination of the application of 
electrostatic and magnetic deflection. Sir J. J. Thomson was able 
to determine the mass, charge and velocity of these particles— 
henceforth to be called electrons. 

In the first experiments it was only the ratio, (charge on 
electron) : (mass of electron) , which was found, but neither the 
charge nor the mass could be found separately. Faraday’s early 
work with electrolysis seemed to indicate that there existed an 
ultimate small unit of electrical charge, in magnimde equal to 
that on a hydrogen ion, the value of which was well known by 
1897. Putting this value in for the charge gave a value to the 
mass of about 1 /2000th of the mass of an atom of hydrogen, 
which was then our smallest known discrete mass. To suggest 
that a particle of such a mass really could exist was a most radical 
scientific departure, but Sir J. J. Thomson did not hesitate to 
take the plunge. And so was announced .the discovery of the 
electron. Since, as we shall see, electrons of the same mass and 
charge may be produced from any kind of matter, we look upon 
the electron as one of the fundamental building stones of which 
all matter is made. 
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The Properties of Electrons 

In addition to the properties already ascribed to the cathode 
stream, such as producing fluorescence, casting shadows and there- 
fore travelling in straight lines, there are other properties of an 
electron stream which are of great interest. 

We believe that we do not see the electrons or the electron 
stream; what was seen and was given the name of cathode stream 
was a visible path which the electrons produce in knocking 
against air molecules. The end of the electron beam is indicated 
by the fluorescence on a luminescent screen placed in the tube. 
It is by the use of these screens that visual observations of the 
motion of electron beams can be made. The modern television 
picture tube, an offspring of the Braun tube, utilizes this effect. 
Instead of natural minerals, the luminescent powders or phos- 
phors, as they are called in this particular field, are produced syn- 
thetically by the most carefully controlled processes. 

When electrons impinge on a metal foil, they give up their 
kinetic energy and produce heat. The foil may thus be brought 
to incandescence, a fact first demonstrated by Crookes. In our 
modem radio transmitting tubes the anodes must be water- or 
air-cooled in order to prevent excessive heating of the metal. 

When electrons impinge upon a photogaphic plate they set 
free the silver from the silver bromide film in the same way as 
light does. The amount of blackening thus produced by electrons 
on a film indicates the intensity of the beam. This effect is utilized 
in high-energy cathode ray tubes in order to obtain a permanent 
record of very fast-moving beams. The picrares produced by the 
electron microscope are obtained in the same manner. It is 
evident that the photographic plate must be inserted into the 
vacuum chamber where the electrons move in order to be affected. 

m 

The Thermal Emission of Electrons by Metals 

Electrons are put to so many uses in present-day electronic 
devices that it is a matter of primary interest to know how they 
are set free. 
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It has been mentioned above that all matter contains electrons. 
Among the solid substances, metals in particular show an abun- 
dance of electrons, and it is because of this fact that metals “con- 
duct electricity.” This latter statement simply implies that some 
of the electrons contained in the metal are free to move under the 
influence of an electric field established within the metal by the 
application of an electric force. The flow of electrons within 
metallic conductors drives our motors, lights our lamps and heats 
our kitchen ranges. 

The flow of electrons through empty space in a vacuum tube 
actuates radio tubes, photocells, cathode ray tubes, television 
camera tubes and electron microscopes. Evidently in these cases, 
some means must be found always to get the electrons out of the 
metal and make them travel through the vacuum along predeter- 
mined paths. 

The most commonly employed method by which electron 
emission is obtained from a metal is that of heating the metal 
to a high temperature. That electrons are emitted from an incan- 
descent wire in the presence of an external electrical field was 
discovered by Thomas Edison in 1881, though not described in 
our present-day language. Broadcasting transmitting tubes utilize 
incandescent tungsten filaments as a source of electrons. Wehnelt 
discovered in 1904 that such metals as calcium, strontium and 
barium emit electrons more copiously at much lower temperatures 
than metals do. These “dull emitters,” operating at a dull red 
heat, are used nowadays in all our radio receiving tubes. They 
consume less power than a bright emitter and consequentiy are 
more economical in operation. Dull emitters yield more elec- 
trons per dollar. 

Electron emission obtained from metals by heat is described in 
technical language by the term thermionic emission. This name 
was coined at a time when the nature of the emitted particles 
was still in doubt and it does not describe thermal electron emis- 
sion clearly. To be sure, there always takes place a definite, 
though negligible, amount of ion emission when electrons are 
emitted, but the term thermionic emission is now used with the 
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meaning of thermal electron emission, Le., emission of electrons 
by heat. 

The emission of electrons from a metal surface has, at times, 
been compared to the evaporation of water vapor or steam from a 
water surface. At reasonably low temperatures, the water par- 
ticles cannot escape very easily from the bulk of the liquid since 
they are held in subjection by the attraction of their fellows. 
When the water is heated to higher and higher temperatures, the 
water molecules gain enough kinetic energy to escape from the 
surface. When the temperature has risen to the boiling point, all 
the energy put into the water as heat is used to provide escape 
energy for the molecules at the water surface until all water has 
evaporated. We picture this process as a mechanical model for 
thermionic emission. In this case also heat must be provided 
in order to overcome forces at the surface of the metal which 
tend to restrain the electrons. 

Secondary Electron Emission 

We may now utilize the water analogy in explaining another 
type of electron emission. Small masses of water can be forcibly 
separated from any large body of water, even at low temperatures, 
when a foreign body, for instance a stone, is thrown into the water 
and a splash is produced. The splashing water drops derive 
their escape energy from the kinetic energy of the stone that 
has been thrown in. When particles much larger than electrons, 
such as positive ions, are directed toward a metal surface with 
sufficient velocity, their impact will “splash” electrons from 
the metal. Likewise, if electrons of sufficient velocity, obtained 
from another source, are directed toward a metal surface (or 
for that matter toward any kind of surface) they will impart their 
energy to the free electrons of the metal and thus knock them 
out of the metal. Electrons emitted by the bombardment of a 
surface with charged or uncharged particles are called secondary 
electrons, and this type of emission is termed secondary emis- 
sion. The bombarding particles, if they are electrons, are called 
primary electrons. 
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The emission of secondary electrons from metal surfaces, 
particularly the type used for photocathodes, has found many 
important applications in recent years. Many electron tubes used 
in television take advantage of this effect. 

Production of X-rays 

When electrons impinge upon a metal plate in vacuum they 
not only create heat and expel secondary electrons but they 
create an invisible radiation which emanates from the metal and 
penetrates the glass envelope. This was the phenomenon dis- 
covered by Roentgen in 1895, and this invisible radiation became 
known as x-rays. Experiments in later years have established 
the fact that x-rays are a special kind of electromagnetic waves 
(light) of a very high frequency. 








Chapter 8 

The Dual Theory of Light * 

Matter and Light 

The production of x-rays by electrons impinging on a sur- 
face is not only important practically, but very far-reaching 
theoretically because we have here an example of the energy of 
matter, electrons, being transformed into light, x-rays. The 
question presents itself immediately whether the opposite is pos- 
sible, i.e., to transform light energy into electron energy. That 
is indeed so. As a matter of fact, this effect was discovered first. 
During his experiments on the creation of short radio waves from 
an electric spark, Heinrich Hertz had observed in 1887 that a 
spark would pass the gap more easily than ordinarily if ultra- 
violet light fell on the negative pole of the gap. Stimulated by 
this observation, Wilhelm Hallwachs a year later, found that a 
negatively charged body loses its charge under the influence of 
ultraviolet light; this is the so-called Hallwachs effect. In later 
years, it was shown that a great number of substances, solid, 
liquid and gaseous, emit electrons under the influence of light. 
This phenomenon is called the photoelectric effect. It is the basis 
of the modern “magic eye” or photocell. Television pickup 
cameras are based on the photoelectric effect and so are sound 
films. Innumerable industrial devices utilize photoelectric cells 
which are now being manufactured in large quantities. Aside 
from its practical importance, the discovery of this effect marks 
a milestone in the history of physical science. It led to the estab- 
lishment of the dual theory of light. Since this subject is our main 
concern in this chapter, we must of necessity take pains to study 
the laws that govern this effect. 
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The Photoelectric Effect 

Let us first become familiar with the physical appearance of a 
photocell and its operation. Fig. 40 shows the diagram of such 
a cell in its simplest form. A spherical glass envelope with a 
long stem, St, is mounted in a base, B, which carries a base pin, P. 
This pin is connected with a straight wire. A, (or a loop), that 
is mounted in the center of the sphere on a glass foot. The inside 
of the glass sphere, with the exception of a window, W, is sil- 
vered and electrical connection with the silver film is made 


T 



Fig. 40. A photoelectric cell. 

through a fine wire which is sealed into the glass and soldered to 
the cap, K. During the process of manufacture the cell is con- 
nected to an exhaust system through a tube attached at T. The 
silver layer is oxidized by passing a glow discharge in an oxygen 
atmosphere and then cesium (or some other alkali metal) is 
deposited on the silver oxide. A carefully controlled baking 
process permits a reduction of the silver oxide and the formation 
of cesium oxide with some excess of cesium at the inner surface. 
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This complex surface, the photo-cathode, has been found to yield 
a large supply of electrons when it is exposed to a light source, L, 
sending its rays through the clear window, W. In order to facili- 
tate the flow of electrons through the cell, a positive voltage, E, 
from a battery is applied to the anode. A; a current, i, indicated 
by a micro-ammeter, will flow through the circuit as soon as the 
cell is exposed to light. When the light is shut off, or the window 
covered, the current falls to zero immediately. 

Fig. 41 gives the circuit diagram. load resistance, R, is 
included in the circuit. This may take the form of a sensitive 
relay, which operates any desired device, or the voltage drop 
across the resistance, R, created by the photo current, i, may be 
fed to the input stage of an amplifier so that a less sensitive relay 
may be used in the output. 



Fig. 41. A photoelectric cell circuit. 


The following facts can now be observed: 

(1) The photo-electrons are emitted by the cathode, with- 
out any measurable delay in time, as soon as the light reaches it. 

(2) The number of electrons emitted increases with an 
increase in the intensity of the light source; i.e., the stronger the 
illumination of the cathode the greater the number of electrons 
emitted per unit area of the cathode and the greater will be the 
deflection of the ammeter. 
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(3) The frequency of the light source, or, in other words, 
the color of the light or the wave length of the light, has a decisive 
effect on the operation of the cell. The velocity, with which the • 
electrons leave the cathode, or, in other words, the energy of the 
electrons at the moment they leave the cathode, increases with the 
frequency of the light. The intensity of the light has no effect 
on the value of this initial energy of the electrons. Furthermore, 
the frequency of the light source must exceed a certain character- 
istic minimum value before any electrons are emitted at all. This 
threshold frequency, Vo, or threshold wave length, X#, depends on 
the type of cathode that is used in the cell. It is thus possible to 
make cells that are particularly sensitive to red light, others that 
respond to blue or ultraviolet light, and again others that have 
their maximum sensitivity coincide with that of the human eye 
at 5,600 A. U. (yellowish green) . 



Fig. 42. 

Relation between the 
photoelectric current, 
and the intensity of the 
light causing this current. 


1 1 Light fn ten si tij 


The laws governing the photo-electric effect are illustrated 
by graphs in Figs. 42, 43, and 44. In Fig. 42 the current, i^, car- 
ried by the number of electrons, w, emitted per second per unit 
of cathode area is plotted as ordinate and the incident light inten- 
sity, Zi, as abscissa. We find that k is directly proportional to Zi. 
Fig. 43 shows how the energy, of the emitted electrons 
increases uniformly as the frequency of the light from a constant- 
energy light source is gradually increased. It is to be noted that 
a certain definite threshold frequency must be reached before any 
energy is emitted. Fig. 44 gives the response of a cell to the 
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Fig. 43. 

Dependence of the 
energy of the emitted 
electrons, E, and the fre- 
quency of the incident 
light. 



Fig. 44. How the current of a typical photoelectric cell varies as the frequency or 
wave length of the incident light is changed. 

various wave lengths of the spectrum. The photo-current per 
unit of area which results from a unit of light energy of a given 
wave length is plotted for the whole spectrum of wave lengths. 
When the wave length is longer than Xq in the infrared region, 
corresponding to Vo in Fig. 43 (v=v/X), no more electrons are 
emitted. The example given in Fig. 44 discloses a strong maxi- 
mum photo-current in the blue region of the spectrum and a lesser 
second maximum in the red. 

The Inadequacy of the Wave Theory 

. We shall now try to explain these facts on the basis of Max- 
well’s electromagnetic wave theory of light. Without losing 
ourselves in too many details, we may apply the familiar concept 
of any wave theory to the problems at hand. It is, for instance, 
readily observed in everyday occurrence that a radiating source 
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gives off energy uniformly in all directions. Thus, a light source 
can be seen from all directions, a bell on a church tower can 
be heard from all directions, as long as no obstacle intervenes. 
The intensity of the light received or of the sound heard will 
decrease with the distance from the source according to a definite 
law. It turns out that the received energy falls to one-quarter 
of its original value when the distance is doubled or to one-ninth 
when the distance is trebled, and so on: in other words, the 
received energies are coupled with the distance from the source 
by the inverse square law. If we keep the distance from the 



Fig. 45. 

How energy received 
from a point source varies 
with the distance from 
the source. 


source constant, the received energy at that distance will be the 
same per unit of time, no matter in which direction from the 
source the receiver is located. If an airplane flies in a circle 
around a transmitting tower, the light at its top will appear of 
a certain constant brightness to the pilot. He could fly on the 
surface of a sphere with the light source as center and still observe 
the same brightness; this sphere is indicated in Fig. 45. If the 
pilot then would fly further away, say, on a sphere twice as large, 
the beacon would appear to be only one-quarter as bright. If we 
were to follow the light energy that is sent out by the beacon 
at a particular instant and trace its propagation through space. 
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we would have to visualize something like a soap bubble that 
first snugly fits the light bulb and then expands continuously to 
enormous proportions. It would of necessity become thinner 
and thinner as its size increased; the thickness of the film may be 
taken to measure the energy contained in a unit area of the sur- 
face. Since the fixed amount of energy that started to peel itself 
off from the bulb is spread over a larger area when the size of 
the sphere has increased, the energy per unit area must of neces- 
sity decrease. 

When our light energy, or soap bubble— to continue the 
analogy— reaches a photo-cathode, the surface element of the 
bubble, say one square centimeter, will impinge on the corre- 
sponding surface element of the cathode and so transfer its energy 
to it. The electrons emitted from this small area by the light 
energy striking'it should then share this energy among themselves 
and, according to the principle of the conservation of energy, the 
combined energy of the electrons could not exceed the energy 
content of the surface element of the light wave. Careful 
measurements disclose that this condition is not fulfilled. The 
electrons are actually emitted with a far greater energy than could 
be conveyed to them by a uniformly expanding spherical wave. 
It might be suggested that the cathode stores up the energy of 
a number of successive waves until the required amount is ob- 
tained to account for the observed electron energies. This 
would take considerable time, of the order of hundreds of hours, 
before the figures would agree. Actually, as has been stated 
above, no measurable time delay between the arrival of the 
light wave and the emission of the electrons can be observed. 

Our discussion has been based on two assumptions. First, 
the validity of the principle of the conservation of energy and 
second the wave nature of light. Since our deductions cannot 
explain the observed effects one of the assumptions must be 
wrong. The law of the conservation of energy has been found 
to be quite consistently true and serves as one of the pillars on 
which the science of the natural phenomena seems to rest. We 
must then, once again, call into question the wave nature of light! 
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The Quantum Theory 

The nineteenth century complacency regarding the suffi- 
ciency of the wave theory of light received its first shock in 1900 
through the work of Professor Max Planck of Berlin. He found 
it impossible to explain the experimental relations between the 
absorption and emission of radiant energy by hot bodies and their 
temperatures by any wave motion model. The classical concept, 
accepted at this time, was that the continuous flow of energy 
through space in the form of electromagnetic waves required that 
both absorption and emission of such energy by hot bodies 
should also be continuous. But this theory of absorption and 
emission could not be made to agree with experimental facts, so 
Planck made the exceedingly bold assumption that, in spite of 
how the energy is transmitted, absorption and emission at mate- 
rial bodies takes place in very small but definite units, Le., dis- 
continuously.. Each small unit bundle of energy, Planck called 
a quantum-, he suggested that there would exist a “kind of atom 
of mechanical action,” which came to be represented by the letter 
h, now known as Planck’s constant. 

Now, when the curious results given by the photoelectric 
experiments were considered, it was apparent that they could be 
explained if one assumed a corpuscular theory for light. Einstein, 
in 1905, extended Planck’s theory to say that not only are absorp- 
tion and emission discontinuous but even the energy of a light 
beam travels through space in quanta. This brings us back to 
the corpuscular idea of light— Newton’s theory! 

A light corpuscle, a quantum or a photon, as it is called, would 
carry its energy undiminished from the source to the greatest 
distance and would be able to hand its energy to an electron when 
it strikes a photo-cathode so that the electron can be emitted 
instantly. The more intense the light source, the more corpuscles 
are emitted and the greater the number of electrons set free. This 
satisfies actual observations. 

In order to explain the relation between the electron energy 
and the frequency of the light in the photoelectric effect (Fig. 43) 
it becomes necessary to assume that the various corpuscles of light 
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have different energy contents depending on the frequency of the 
light. Thus a corpuscle, or quantum, or photon, of blue light 
contains more energy than one of red light; the electrons set free 
by blue light move faster than those set free by red light. 

Einstein suggested that, as the energy is proportional to the 
frequency, it might be expressed by the relation: 

E(the energy) = (a constant) x v(the frequency) 

He further suggested that the constant be put equal to Planck’s 
constant, which is numerically equal to 6.55 X 10'^^. This leads 
us to the fundamental equation for a quantum: 

E=hv 

We now find ourselves in a great predicament. All the argu- 
ments raised against Newton’s corpuscular theory of light must 
of necessity come up again. We know that a corpuscular theory 
cannot explain interference, polarization, diffraction. We may 
recall that Newton himself hesitated to be tied down to the 
corpuscular theory exclusively and made use of periodic states 
which imply nothing else but a wave character. This intuitive 
hesitation of his to accept a one-sided theory is "now raised to a 
basic principle in physics. Light is neither wave nor corpuscle: 
it is both. This is what we mean by a Dml Theory of Light. 

One should not be frightened at this seemingly contradictory 
statement. The fact is that we cannot bend namre to suit the 
niceties of our old-fashioned ideas. Things evidently are not as 
clear-cut as we would like to have them. We should further- 
more bear in mind that the light corpuscle or photon, hv, is 
defined by a frequency, and thereby is closely tied in with the 
wave concept. Frequency is a derived term; it means the num- 
ber of times that a wave recurs per second. To find the value of 
the frequency, we measure the wave length and then divide it 
into the velocity of light. We might say that the path of the pho- 
ton is guided by the wave that is associated with it (Fig. 46). It 
simply helps our mind to visualize what may be going on. A 
transverse wave is drawn that weaves itself around the direction 
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Fig. 46. An electron and its associated wave. 


of propagation indicated by the axis. Wherever the wave inter- 
sects the axis the heavy dot represents a photon traveling in a 
straight line. 

In disclosing this dual nature of light, not by the choice of 
their fancy but driven by irrefutable facts, physicists now think of 
the wave concept when describing phenomena that are evidence 
of the wave nature of light, and of the photon concept when deal- 
ing with the photoelectric effect and radiation problems. In the 
words of Sir William Bragg: “We teach the wave theory on 
Mondays, Wednesdays and Fridays and the corpuscular theory 
on Tuesdays, Thursdays and Saturdays.” 

When we review the changes that the concepts of the nature 
of light have undergone during the course of the years and realize 
the fruitfulness of the concept of duality, we may well turn to 
the electron and question whether it has an exclusively corpuscular 
nature. It will -be shown in the following chapter that for the 
electron also a dual theory has been firmly established. The 
wave nature of the electron is indeed the basis upon which the 
electron microscope rests. 



Chapter 9 

The Dual Theory of the Electron 

Waves and Matter: de Broglie’s Theory 

Although the dual theory of light was impressed on the 
physicist rather early in this century, the far-reaching conse- 
quences of the fundamental experimental facts on which it was 
based were not fully recognized until de Broglie of Paris 
announced his new views in 1923. We have seen how light must 
be looked upon as having both a wave nature and a corpuscular 
nature, in order that we may have a satisfactory model ^ulating 
the action found in the various light experiments. In the photo- 
electric effect tve find the energy of light directly inducing 
motion in electrons. Somewhat later than the time of the dis- 
covery of this effect, H. A. Compton (1922) showed that 
certain experiments could only be satisfactorily explained by 
saying that the action of radiation, light in the form of x-rays, 
upon an isolated electron was the same as though there were an 
ordinary mechanical collision between two corpuscles; the two 
corpuscles Compton suggested were the photon and the electron. 

It was at this point that de Broglie suggested a new concept 
which is best expressed in his own words: 

“A consideration of these problems led me, in 1923, to the 
conviction that in the Theory of Matter, as in the Theory 
of Radiation, it was essential to consider corpuscles and 
waves simultaneously, if it were desired to reach a single 
theory, permitting of the simultaneous interpretation of the 
properties of Light and those of Matter. It then becomes 
clear at once that, in order to predict the motion of a cor- 
puscle, it is necessary to construct a new mechanics, a theory 
closely related to that dealing with wave phenomena, and one 
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in which the motion of a corpuscle is inferred from the 
motion in space of a wave. In this way there will be, for 
example, light corpuscles, photons, but their motion will be 
connected with that of Fresnel’s nvaves, and will provide an 
explanation of the phenomena of interference and diffrac- 
tion. Mea,nwhile it will no longer be possible to consider the 
material corpuscles, electrons, and protons, in isolation; it 
will, on the contrary, have to be assumed in each case that 
they are accompanied by a wave which is bound up with 
their own motion. I have even been able to state in advance 
the wave length of the associated wave belonging to an elec- 
tron having a given velocity.” 


We recall that in talking about sound waves, we found a 


simple relation (v = vX) between the velocity, v, the wave 
length, X, and the frequency, v. Now, if the energy of the elec- 
tron is also directly proportional to the frequency, we should 
expect a simple relation between the velocity of the electron and 
the wave length to be ascribed to it. This relation is expressed 

, t-l 1 L Planck’s constant, h 

y. e wave engt — ^ velocity, (v) 



Experimental Confirmation of de Broglie’s Theory 

The theory outlined in the last section was mere theory. 
The important question then was: “Will electrons, or a beam 
of electrons, exhibit experimentally that there really is a wave 
motion attached to an electron, or, in other words, will a beam 
of electrons show the phenomena of interference and diffraction, 
the sine qua. non of wave motion?” 

After de Broglie’s announcement, this question was feverishly 
worked at; it was answered in the affirmative by two groups of 
workers, quite independently: by Davisson and Germer (in 1927) 
of the research laboratories of the Bell Telephone Company, 
New York, and b^ G. P. Thomson in work done at Aberdeen 
(1928). We do not need to go into the details of these experi- 
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merits, but it will suffice to say that they answered the question 
decisively. A moving electron has a wave associated with it. 

The Wave Length Possessed by an Electron 

As noted above, the theoretical value of the wave length that 
de Broglie worked out for an electron is 


mo 

The value of m, the mass of the electron, a constant for all elec- 
trons, was determined first by Sir J. J. Thomson and many times 
since, so both h and m are well determined constants. 

As we shall see later, the velocity of an electron can be easily 
determined if we know the accelerating voltage (F). Substi- 
mting the various experimentally determined values in the above 
expression, it has been found that 

A. = — X 10'® cm. 

VF 

where V is expressed in volts. If the voltage is of the order of 
hundreds of volts, the wave length is of the order of 10'®cm or less. 

In view of this fact, scientists interested in the microscope at 
once asked: “Can the electron waves be used in any kind of 
microscope?” Because, if they could, there would be promise of 
increasing the resolving power a thousand times or morie. 

We have seen that we are limited for the light microscope to 
being able to see particles about u^th of an inch but no smaller. 
(Chap. 2.) We are limited by. the wave length of the light. 
Using electron light, which has very much smaller wave lengths, 
we should be able to photograph vexy much smaller particles and 
also to reveal much greater detail in an object. 

This the electron microscope has accomplished. 

Electron Waves and Electron Rays 

In the development of his theory, de Broglie showed that the 
path of an electron, its so-called trajectory, as it moves through 
space bears the same relation to its wave property as the ray of 
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Explanation of plate on page 96 


This plate also shows the comparison between pictures taken with the 
light microscope and the electron microscope. 

A. Normal picture of a new razor blade. 


B. Light microscope picture of small portion of the same with magni- 
fication X315. ^ 


C. Electron microscope picture of a small portion of B with total mag- 
nification about X5,000. 

The width of the small line above A represents the total section in- 
cluded in B and the thick block over B represents the total width of the 
part of B included in C. 

D is an optical picture of asbestos powder (XI, 100). 


E is the electron picture (X18,000) of the portion outlined by the 
small inked-in square area in D. The heavy bar in E is the hazy line 
through the square in D. 

These are good illustrations of the fact that the electron microscope 
reveals structures in a sample entirely unseen in the light microscope. 
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light, which we have used in our early figures, does to the wave 
property of light. In de Broglie’s words, “the possible trajectories 
of the corpuscle are identical with the possible rays of its wave.” 
Therefore, if we could determine these paths and treat them as 
“light rays,” we might find out something about the possibility 
of focussing such rays. 

There are two ways in which the paths of electrons may be 
affected: (a) by electrical fields of force and (b) by magnetic 
fields of force. Of course, these electron beams cannot pass 
through material lenses, and so if we wish to produce the refrac- 
tion of electron-waves, we shall have to construct electrostatic 
or magnetic fields of force, which may perchance serve as electro- 
static lenses or magnetic lenses. 



Courtesy RCA Laboratories 


Spirochete (.Treponema Pallidum), the germ of syphilis (X35,000). (Specimen 
prepared by Dr. K. Polevitzky, Univ. of Pennsylvania.) 
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The electron microscope in use at University of Toronto. At the right is shown 
part of the evacuating system and rheostats used to regulate the magnetic fields 
of the lenses. The overall height is about six feet. 


Chapter 10 

The Motion of Electrons in Electrical Fields 

Work, Force and Power 

We come now to a stage in the development of the subject 
when we shall have to be rather more precise in our language 
and to introduce some technical terms, which may need some 
elucidation. Some of these technical terms are simple words 
in everyday use, which, when used in a strictly scientific sense, 
need special definition. Such words are force, work and power. 
In our colloquial use of these terms, we may say a man is “a 
man of great force” or “a man of great power” and mean the 
same thing, and probably about the same as to describe the indi- 
vidual as “one who does an enormous amount of work.” But 
when we come to use the term work, for example, in the scientific 
sense, we think of such a thing as carrying a load up a hill; that is 
exerting ourselves against the force of gravity. 

For example, suppose a crate weighing a ton has to be delivered 
at a factory platform (Fig. 47). It may be hauled up by a block 
and tackle or dragged up an inclined plane on rollers. It is almost 
self-evident that the work done or effort expended will be pro- 
portional to the pull one has to exert and also to the distance 
through which we have to pull the crate. It is a matter of com- 
mon knowledge that we would not have to exert as large a pull 
if we make use of the inclined plane as we do if we pull the 
weight straight up. When we make exact measurements of the 
pull and the distance in the two cases, it comes out that the 
product of the pull and the distance over which the object pulled 
moves is always the same for the same height of platform. If we 
use different lengths of inclines, i.e., inclines making different 
angles with the ground, we still get the constant value when we 
multiply pull by distance. 
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This measure of the work done is just the weight (2000 lbs.) 
multiplied by the height (20 feet) . What we called the pull is, 
in technical terms, called the force exerted; we then have the 
relation; work done equals force exerted times distance through 
which the force acts, or in mathematical shorthand simply: 

W = Fx d 

In Fig. 47, Fi X di = F 2 X dz = 2000 X 20 =40,000 units. 


Fig. 47. 



We have mentioned also power; technically this is just the 
rate at which work is done. The relation is: 


Power (P) = WQykdong ..^ 
Time taken to do it 


or 


p_ W 


If in Fig. 47 we pull the rope of the block and tackle by hand, 
we take a long time to pull the weight up, but if we use a donkey 
engine of a few horsepower, we can haul up the heavy load in 
seconds, simply because the power of the engine is greater than 
the power of one man. 
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Man’s first ideas about electrical charges were that when 
bodies such as glass or ebonite were put in a state defined by say- 
ing they were charged, such bodies exerted a force on each other. 
As soon as we begin to talk about one charged body exerting a 
force on another, which is indicated by the bodies being pulled 
toward or repelled from each other (Fig. 36, p. 70), we think 
of gravitational forces— the attraction of the earth for bodies 
free to fall. However, with the electrical forces, we have not 
only attraction but repulsion. In any case we come to the ideas 
of forces moving masses, or masses being moved against forces, 
i.e., work being done; and in the end we have the relations 
between force, work and power 

W = Fxd,mdP = ^ 

t 

as in the ordinary experiences in the lifting of weights. 

In these days we are all familiar with the development of 
“electrical power,” as we say, by harnessing huge waterfalls. 
When the engineer wishes to calculate the rate of production of 
energy he uses just the same relation. 

Work done in any time equals the weight of the water falling 
in the time times distance fallen, (i), i.e., W=Fyi,d, since the 
total weight of the water is just the force of gravity on the water. 
If the unit of time taken is one second, then the power (P) avail- 
able at the falls will be; 

F_ W Fxd 

t t 

where t is the interval of time in seconds. 

Difference of Level and Difference of Potential 

When the engineer discovers a new falls or creates a differ- 
ence of level by a dam, he knows that the power available 
depends on two things, the quantity of water falling down per 
second and the height of the falls (or dam) . Of course, funda- 
mentally, he measures the height directly by the use of a yard- 
stick or steel tape measure. But there is another perfectly good 
way to measure the height, that is, to measure the work done in 
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hauling up from the level of the bottom of the falls to the level of 
the top of the falls a given weight of water, say a pailful. 

Here we have just the idea of difference of level as referred 
to the earth; there are two things that a given difference of level 
between the points A and B will tell us: (1) in what direction 
water will flow, whether from A to B or from B to A, i.e., we 
must know which point is at the higher level; and (2) how much 
work is done in lifting a definite weight from one point to the 
other. All of these terms have been adopted in the language 
applied to electricity. 

If we have two points, A and B, either in space or on a con- 
ductor, say a wire, and there are electrically charged bodies 
around, which, of course, give rise to electrical forces, then there 
will be an electrical force acting between A and B and electricity 
will be moved from A to B (or B to A). This case is more 
complicated because we have two kinds of electrical charge to 
talk about, positive and negative, and any electrical forces will, 
of course, tend to make positive electricity move in one direc- 
tion and negative electricity move in the opposite direction. So 
we have to choose one or the other, and a certain charge of 
positive electricity has been chosen as the standard test quantity; 
that is, it takes the place of the pail of water used to measure differ- 
ences of level. 

What we call difference of level in dealing with water falls 
is called in electrical language difference of potential, this is 
measured in volts. If we know the difference of potential between 
two points, A and B, we know which way positive (as well as 
negative) electricity will move, whether from A to B or B to A, 
and we know how much work will be done in taking a unit posi- 
tive charge from one point to the other. 

How are we to measure difference of potential? We have 
no yardstick or measuring tape for it. The only way it is mea- 
sured is by finding the work done in taking a certain unit quantity 
of electricity from one point to the other. In fact, the differ- 
ence of potential between two points is the work done in taking 
a standard unit of positive electricity from one point to the other. 
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In the case of lifting weights, as in Fig. 47, the work done 
in lifting a given weight depends only on the difference of level 
between the ground and the platform and not on the path by 
which the weight is pulled (i.e., straight up or up an incline) ; so 
the work done in moving a quantity of electricity from one point 
to another depends only on the difference of potential between 
the two points and not on the path by which the electricity is 
moved. 

Lines of Force and Equipotential Lines 

Fig. 48a represents a specific case in our electrical experiments 
in which these ideas are used: here we have two parallel metal 
plates, A and B, which are connected to the ends of a battery so 
that A bears a positive charge and B a negative charge. If we 
put our unit positive test charge on a small pith ball, P, it will be 
pushed away from A and attracted toward B. If we have the 
experiment carefully arranged, P will move from A to B along 
lines perpendicular to A and B. These lines then indicate at any 
point the direction in which the electrical forces are acting. They 
are called lines of force. 

Now mark off on these lines points corresponding to equal ' 
divisions of the total work done in taking P from A to B along 
any one of the lines of force reaching from A to B. Four such 
divisions are indicated by the dots. If we join the corresponding 



Fig. 48a. Lines of force and lines of equipotential. 
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dots on the various horizontal lines by broken lines, we get a 
series of lines which mark off regions of equal work done in 
going out from A; these vertical lines are known as equipotential 
lines. This is a simple case, and it is apparent that the lines of 
force are always perpendicular to the equipotential lines wher- 
ever they cross one another. 

From the symmetry of the lay-out in Fig. 48a, we would 
easily agree to the statement that the force, F, acting on the small 
charged pith ball P, will be the same at every point between A 
and B. From the expression giving the relation between work, 
force and distance, we can then say that; 

W (Work done in talcing P from A to B) = F X d. 

But the definition of the difference of potential between A and B 
is just this work. So if we put the potential of A equal to Fa 
and that of B, Fb 

PF = Fa - Fb, and so Fa - Fb = F X d 


From this equation, we get a very useful relation F = 


Fa-F. 


Fa— Fb 

Now if everything is symmetrical as in Fig. 48a, is the 

d 


fall of potential per cm., which is consequently called the poten- 
tial gradient from A to B. We then have the statement that the 
electric force per unit charge at any point is equal to the potential 
gradient, sometimes called the gradient of the potential. This 
quantity— the force per unit charge at any point— is also called 
the intensity of the electrical field, F. It is the difference of 
potential between A and B divided by the distance between them. 

Again, since by definition the difference of potential between 
two points is the work done in moving a unit positive charge 
from A to B, we can readily deduce that twice as much work will 
be done in moving two units of positive charge from A to B 
and 9 times the original work when a charge of 9 units is moved 
from A to B. We can express this by the relation: 
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W=qx (Fa - Fb). 


Since 


W = f X d where f is the electrical force acting on the 
charge, q, we may write 


fXd = qx(V^- Fb). 


Since 


Fa-Fb 

d 


= F, it follows that f = q X F, or force 


equals charge times field intensity. If we put ^ = 1, we obtain 
the definition for the intensity of the field, F, or, as it is some- 
times called, the field strength. 

If a positive charge q moves from the positive plate A to the 
negative plate B in Fig. 48a, it moves in the direction of the electric 
field F, and we say that the field does the amount of work on 
the charge q. This work appears as the kinetic energy, 
which the charged particle of mass, m, possesses when it arrives 
with the velocity v, at the plate B. 

On the other hand, if we were to move a positive charge q 
from plate B to plate A, the charged particle would have the 
work W spent upon it. Either we must push the particle 
along against the force of the field or the particle must possess 
an initial energy equal to IT in order to be able to sacrifice that 
much on its way from B to A. This can be realized by the fol- 
lowing experiment (Fig. 48b). 

We arrange a third plate, C, behind the plate B at the same 
distance, d, which separates A and B and connect another battery, 
F 2 , of the same voltage as Ex, so that plate C is positive with 
respect to plate B by the same amount that plate A is positive with 
respect to B. The fields in the space to the left of B and the right 
of B will then be equal and opposite. If we provide a small hole 
in B and'det the positive charge originate at C, it will acquire the 
energy W while traveling from C to B and then lose it while 
travelling from B to A. It wiU arrive with zero velocity on A. 

The same reasoning applies naturally to negative charges. If 
e stands for the negative charge of an electron, the work done on 
the electron by moving it from plate B to plate A in Fig. 48a is 
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Fig. 48b. Gain and loss of energy of a charge in an electric field. 


W = ex(V^- Fb) 

and if it were to be moved from A to B, it must have this initial 
energy in order to be able to overcome the opposing field force. 
That could be realized by an experiment similar to that illustrated 
in Fig. 48b. When a field does work on the electron and thus: 
accelerates it^ the energy gained by the electron is expressed fre- 
quently in te^fis of electron-volts. Thus an electron, which,/ 
starting from rest, has been accelerated by moving between two* 
plates having a difference of potential of 50 volts, is said to gain 
a final kinetic energy of 50 electron-volts of energy. It is also 
sometimes said to have a final velocity of 50 electron-volts. There 
are then two kinds of electron-volts, one referring to the energy 
of an electron, the other to its velocity. 

Fig. 49 represents a more general case of lines of force and 
corresponding lines of equipotential. 

We have now to deal with the motions of electrons in vacuum 
tubes under the influence of electrical forces brought into action 
by maintaining two metal plates in the vacuum tube at a difference 
of potential. 
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The Motion of Electrons in a Uniform Field 

The electron stream observed in the earliest experimental 
tubes such as the Crookes tube and the Braun tube, shown dia- 
grammatically in Fig. 50 , was produced by the impact of parts 
of molecules on the negative electrode. Due to the imperfect, 
vacuum technique used at that time, the most highly exhausted 
tube still contained millions of molecules of various atmospheric 
gases, and at least a few of these molecules were broken up into 
positively and negatively charged parts because of a constant 
radioactive radiation present in space at all times. These positive 
and negative parts were called ions: the negative ion owed its 
charge to electrons— particles of extremely small mass— while the 
core of the positive ion was relatively large. These ions would 
be moved one way or the other in the electrical field inside the 
tube. The positive ions would be pulled toward the plate C, the 
cathode, which is negatively charged. 



Fig. 50. 

The motion of an 
electron in a uniform 
field in a vacuum tube. 


As we have noted above, these impacts of the positive ion 
masses will knock electrons out of the plate,^ C, really in great 
profusion, and these electrons will be forced away from C toward 
A. Although many electrons may be knocked out of C per 
second, we may assume that they are not moving very rapidly just 
at the surface of C. They then immediately begin to move 
toward A along one of the lines of force (Fig. 50 ) . 

The resulting motion of the electron will be quite similar' 
to the motion of a stone when we drop it to earth. We know 
that as soon as the stone is released it begins to fall with a velocity 
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which becomes greater and greater the' longer the stone is fall- 
ing. This is what is called technically “accelerated motion.” 

Using this analogy we might say that the electron, P, (Fig. 
50) “falls” from C to A with a uniformly accelerated motion. 
As the final velocity with which the stone reaches the earth 
depends on the height from which it has fallen, so the final veloc- 
ity of the electron depends on the difference of potential through 
which it has fallen. The greater the potential difference Fa — To, 
the greater is the final velocity. 

From what has preceded we see that we always use the term, 
difference of potential between points, and do not speak of the 
actual value of anything called potential at any point. This is 
quite in keeping with what the engineer talks about when he is 
calculating the power that he can get out of a waterfall. Niagara 
Falls has a height of 190 feet and the available power is fixed by 
this difference of level but the engineer in making his calculation 
does not need to know how far the bottom or top of Niagara 
Falls is above sea level. In fact, sea level is just an adopted level 
from which measurements of heights of individual stations may 
be expressed. 

Now in dealing with charges on electrical conductors, we are 
not interested in fixing a value of the potential at one particular 
point on the conductor, but it is found convenient to define a 
certain standard level of potential. This is the potential of a 
conductor joined electrically to the earth, or as we say, to ground. 
With this definition of a standard potential, called zero potential, 
a positively charged body is said to have a potential above the 
earth, because positive electricity will flow from such a body to 
the earth; a negatively charged conductor is one which is said 
to be below the zero potential, or to be at a negative potential, 
because positive electricity will flow from the earth to such a 
body. 

Referring to Fig. 50, we may say that the plate A is 90 volts 
above ground (or +90V) when it is connected with the positive 
terminal of the battery, the negative terminal of which is con- 
nected to a water main, giving good electrical connection with 
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the ground (the earth) . If the positive terminal of the battery 
is grounded, then the plate, C, is said to be 90 volts below ground 
(or — 90V). The essential point to remember is that we use the 
term potential only in the sense of difference of potential. 

Once more referring to Fig. 50, we may speak of the poten- 
tial at a point in free space, such as X. This can be found by 
measuring the amount of work that must be done in order to 
bring a unit positive charge from plate C to X. If the point X 
were to lie on the plate C, we would not have to perform any 
work, since the potential Fo is the same at any point of C. If the 
point X, on the other hand, were to lie on the plate A, we would 
have to move a unit positive charge from C through space to A and 
overcome the repelling electrostatic force all the way until we 
reach the potential of -1-90 volts on A. By actually measuring 
the amount of work performed, it can be shown that it rises 
lineariy all the way from C to A. If the point X lies half way 
between A and C, the potential at X is then 45 volts above C. 

We may now summarize the rules regulating the movement of 
an electron in an electrostatic field when it starts out from a posi- 
tion of rest. These are as follows: 

When an electron is accelerated by an electrostatic field from 
a position of rest, it moves always along a line of force. 

Since the lines of force are always at right angles to the equi- 
potential planes, we may also say thatvhe electron moves at right 
angles to the equipotential planes when it is accelerated from a 
position of rest. Consequently if we know either the direction 
of the lines of force or the lines of equipotential, we can deter- 
mine the path of the electron. 


Jrhe 


Paths of Electrons 


in Non-Uniform Electric Fields 


We shall now consider a case where the equipotential areas 
in space between cathode and anode are not plane but curved, at 
least in part. This may be realized by giving the cathode a 
spherical shape. We know that the surface of a conductor is 
everywhere at the same potential. If the cathode is grounded, 
the zero-potential area then must of necessity follow the contour 
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of the cathode (Fig. 51). The other electrode is again connected 
to a 90-voIt dry battery and the potential values at the various 
equipotential planes are indicated. Since the anode is a plane, the 
equipotential areas gradually straighten out the nearer we ap- 
proach the anode A travelling from the cathode. 

We now assume that electrons are emitted with zero initial 
velocity all over the cathode surface, as indicated by the small 
dots. From each such electron, a line is drawn toward the 
anode in such a way that it intersects all equipotential planes at 
right angles. We know that this is the path the electrons must 
follow according to 'rule. The result is that all electrons meet at 
a small circle, F, at the anode just as if they had been focussed. 


Fig. 51. 

Lines of force and 
lines of equipotential in 
a non-uniform electric 
field. As noted in the 
text, the dotted line 
marked zero should co- 
incide with the cath- 
ode, C. 

This sort of thing had been observed by Crookes, Hittorf, 
Goldstein and others during their early experiments, and they 
contrived many different shapes for cathodes and anodes in order 
to learn more about the paths. We must remember, however, 
that these scientists did not yet know that they were dealing with 
electrons and they also had no clear conception of potential. dis- 
tribution and its importance for the determination of the paths or 
trajectories of the emitted particles. 

We notice in Fig. 51 that the electrons do not travel in 
straight lines when the equipotential areas are curved, i.e., when 
the field is not uniform. In analogy with the reflection of light 
at a concave mirror one is, however, tempted to speak of an 
electron focus. 
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Chapter 11 

Electrostatic Electron Mirrors and Lenses 


The Reflection of Electrons: Mirrors 

One of the simplest or most commonly observed optical effects 
is that of the reflection of light at a polished surface. Fig. 52 
gives a few illustrations of reflection at plane and curved mirrors. 
Thus Fig. 52a shows a plane mirror, Fig. 52b, a parabolic mirror, 
with the light source, S, at the focus (as in an automobile head- 
light), and Fig. 52c a parabolic mirror with a parallel light beam 
falling upon it. According to the rule that the direction of the 
light path may be reversed in any optical experiment, the parallel 
light beam in Fig. 52c comes to a focus at F, and then diffuses as 
indicated by the arrows. 



Fig. 52. 

Reflection of light at 
plane and curved sur- 
faces. 


77 / nrrn /nu n ttt t 

(a) 




These experiments on reflection can be simulated with elec- 
trons. We shall treat as an example the case analogous to Fig. 
52c. (jt is assumed in Fig. 53 that electrons, obtained from an' 
emitter some place well to the left, have been accelerated to a 
velocity of 2,000 volts and move with this velocity within a 
metal cylinder, A. If this cylinder. A, were closed at both ends, 
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the potential would be constant and equal to 2,000 volts at any 
point within. However, if the cylinder. A, has an aperture at its 
right end, as indicated, and a second electrode, R, of a special shape 
as shown^ is placed near it and charged to — 1000 volts, the poten- 
^tial difference between A and R is equal to 3,000 volts. In the 
space between A ’and R, where the electrodes are parallel, opposite 
the flange of the cupped electrode, R, the potential falls nearly 
uniformly and the equipotential planes are crowded close together 
and run parallel. Within the aperture of A, however, the equipo- 
tential planes bulge toward the left and close to the center of R 
they naturally follow the curvature of R. For the region near 
the axis, O, the effect of this potential distribution upon the 



Fig. 53, 


electron beam represented by two electron paths is to curl the 
beam back on itself as indicated. We may thus call the electrode, 
R^ a reflector and speak of the electrode configuration as an elec- 
tron mirror. This system was described by W. Henneberg and 
A. Recknagel in 1935. 

We note that the electrons do not reach the reflector proper, 
but are reflected, in the ideal case, at the equipotential plane where 
thd electrons have lost all their kinetic energy and come to rest 
mpmentarily, only to be accelerated back toward the left. The 
electron path is curved, thus differing from the straight path of 
light beams reflected at a mirror, but the analogy of the electron 
mirror to the optical mirror is nevertheless striking. 
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The Refraction of Electrons 

It is also evident, from an inspection of Fig. 53, that a bending 
of the electron path, which was straight within the cylinder A, 
has been brought about by the potential configuration within and 
near the aperture. This reminds us of the bending light beam 
when it passes tlirough media of gradually changing refractive 
indices. We are thus confronted with the phenomenon of elec- 
tron refraction. 



Fig. 54. How the path of an electron bends when travelling through a potential field. 

In Fig. 54 the potential distribution between two plates, A 
and B, is shown for the case where plate A is kept at a potential 
of 4-500 volts and B at a potential of 4-1500 volts. The areas of 
equipotential will be distributed symmetrically as marked. 



Fig, 2 repeated to show clearly the analogy between the refraction of light and the 
bending of the path of electrons. 
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If an electron beam with a velocity equivalent to 1,000 volts 
enters along the axis O-Oi from the left, it will follow a curved 
path as shown and strike the plate B at P, if the potential of B is 
high enough, or the plate sufficiently long. The layers of increas- 
ing potential thus act upon the electron beam in much the same 
way as the layers of differing refractive index act upon the light 
beam. Fig. 2 is repeated here in order to bring out the analogy 
that exists between the refraction of light in the layers of the 
atmosphere of different densities and this electron refraction. 

'^Electron Optics 

Thus far, we have spoken in terms of analogies and empha- 
sized the similar behavior of hght beams and electron beams 
under certain conditions. We must now ask ourselves whether 
or not a more far-reaching analogy exists that can be expressed 
in mathematical language. In other words, do the laws of optics 
apply to electrons? 

That this is indeed the case was first recognized by H. Bethe 
in 1927, who applied Snell’s law of refraction to electrons that 
are refracted at the boundary of two potential layers. It is only 
necessary to replace the refractive indices, n, in Snell’s law by 
the square root of the potentials, V. Since the electron velocity, 
V, is proportional to W, we can replace nhjv and obtain the two 
expressions given in Fig. 55, where light refraction and electron 
refraction at a plane boundary are illustrated. Fig. 55b is an ideal- 
ized diagram since a sudden jump of the potential value in free 
space from Fi to Fa at the boundary is assumed. This condition 
cannot be realized in practice as we have seen in previous illus- 
trations. The electron path always bends gradually, and does not 
show a kink as in Fig. 55b, because the potentials vary continu- 
ously and not discontinuously. This does not g^ect the validity 
of our deductions. 

We stand now at the gateway that leads into an entirely new 
field of exploration. We need only remember that glass lenses 
and prisms are based on the phenomenon of refraction, in order 
to realize what possibilities lie ahead. It will be possible to form 
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The path of a ray of light 
going from a medium 
of refractive index m 
into a medium of index 
TZa; Snell’s law is that 
ni sin a = 722 sin /3. 


The analogous illustration 
for the path of an elec- 
tron going from a 
region of one potential 
to a region of another 
potential. Bethe’s law is 
that Vt sin a= Ta sin /3, 
where Vi and Vi are the 
velocities of the electron 
in the two regions re- 
spectively. 


electron lenses and electron prisms, not of glass, of course, but of 
the intangible and therefore easily penetrated quantity, potential. 
We must shape equipotential areas so as to approximate the form 
of familiar lenses in optics. How this can be done is evident from 
Fig. 53. There the equipotential areas protrude into the aper- 
ture of A with an approximately spherical shape. The geomet- 
rical form of the electrodes to which given potentials are applied 
determines the potential field in free space. Apertures are likely 
to be a very useful means for obtaining such bulging potential 
areas. Let us then look a little more closely at some of the elec- 
trode configurations that can be built up from apertures and study 
their effect upon electron beams. 

Electrostatic Lenses for Electron Beams 

If we arrange three metal disks A, B, C, in a vacuum tube and 
assign to them the potentials as shown in Fig. 56a, we may plot the 
potential values that exist along the axis O-Oi of the system. 
Disks A and B are at zero potential and disk C is at 100 volts. 
The space between A and B is thus at zero potential, if the stray 
fields at the edges are neglected, and the potential plotted in^Fig. 
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Fig. 56. Distribution of the electrical field between conducting plates at different 

potentials. 

56b along the axis, Z, remains zero. In the space between B and 
C a potenti^-l gradient exists. The field is constant and has a 
definite positive value. This is indicated by the equidistant 
equipotential planes, represented by the thin vertical, lines between 
B and C in Fig. 56a, and accordingly a linear rise of the poten- 
tial plot in Fig. 56b along the axis between B and C. ' 

In Fig. 57a the same electrode arrangement is shown, but the 
disk, B, is provided with an aperture. The field to the right of 
B'now bulges through the hole in B into the space to the left of 
B where previously no field existed. The equipotential planes 
become curved in the vicinity of the aperture and straighten out 
only in front of plate C. The potential values are written onto 
the potential areas in small figures. Fig. 57b gives the correspond- 
ing rise of potential along the axis. This plot is no more a 
straight line throughout, but contains only a short straight sec- 
tion in front of A. The slope of the potential plot is small, i.e., 
the field is weak, to the left of B and it increases rapidly to the 
I right of B. It is worthy of note that the potential at the center 
of the aperture is greater than the potential of the disk itself. 

Let us now assume (Fig. 58) that disk A is an electron emitter 
at t^e center. This is readily realized in practice by inserting 
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Fig. 57. How the potential distribution is affected by an aperture in an electrode, 

the oxide-coated face of a cathode sleeve at the center; this is 
heated by a flat spiral heater wire back of it. The cathode sleeve, 
generally made of nickel, is connected with the main disk A by 
a thin wire, w, so as to maintain zero potential on both of them. 
The disk A thus extends the zero potential face of the cathode 
without draining any noticeable amount of heat from it. This 


B 



Fig. 58. The influence of an electrode with an aperture near the cathode. 
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arrangement is frequently used in cathode ray tube practice and 
is known as a guard ring. When a current is sent through the 
heater wire, the oxide-coated face, F, will reach a dull red tem- 
perature and electrons will be emitted from it. The paths of 
electrons near the axis are shown brought to a focus, Fi. , 

Electrons Emitted with an Initial Velocity 

We have previously assumed that electrons are released at 
the cathode surface with zero velocity. This is true for some 
electrons; others possess an initial velocity even in the absence of 
an electric field in front of the cathode. Furthermore, while most 
of the emitted electrons leave the cathode face at right angles in 
the direction of the Z-axis, others are emitted at an angle with 
respect to the normal. This is indicated by the three small 
arrows in Fig. 58 emanating from the center of F. We may illus- 
trate this space distribution of the electrons emitted from a point, 
P, at the cathode, C, in Fig. 59. Here a circle is drawn in front of 
the cathode face and a number of arrows are inscribed which all 
originate at P. The lengths of these arrows indicate the relative 
number of electrons that are emitted in the direction given by 
the arrows. It becomes clear from this diagram that many elec- 
trons are emitted in a direction normal to the cathode face, but 
a definite fraction of the total emission occurs sideways. 



Fig. 59. 

The number of electrons emitted 
from a point on the cathode with 
velocities in different directions. 


It may then be stated that electrons are emitted from a cathode 
with different initial velocities and in different directions. An- 
other noteworthy feature of the movement of electrons in an 
electric field must now be explained before the electron paths in 
Fig. 58 can be fully understood. It was stated earlier that elec- 
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trons which start from a position of rest travel in an electric field 
in such a manner as to follow the field lines or, what amounts to 
the same thing, so as to penetrate the equipotential planes at right 
angles. This was the case in Fig. 51, where we assumed an emis- 
sion with zero initial velocity. 

We have learned in the meantime that the initial velocities 
may have positive values, up to about 0.2 volt to be specific, and 
chat these initial velocities may be directed sideways with respect 
to the normal to the cathode face. How will this etffect the elec- 
ron paths? A little earlier, the rectilinear movement of an electron 
in a uniform electric field from a position at rest was compared 



Fig. 60a. The path of a falling stone which has been thrown out with a velocity 
in the direction of the arrow. 

with a stone that falls to earth in a straight line in the gravita- 
tional field when released from a position at rest in our hand. If 
we now give the stone an initial velocity that is directed at an 
angle to the previous path, the trajectory of the stone will be a 
parabola, as shown in Fig. 60a. The horizontal lines 1, 2, 3, 4, 5 
represent equipotential planes, i.e., points where the work that 
must be done to raise the stone from the ground level to the height 
indicated is constant. We note from Fig. 60a that the mass m 
moves at right angles to the equipotential planes from O to A, 
when it starts either from a position at rest or when its initial 
velocity is directed at right angles to the equipotential planes. On 
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the other hand, when the initial velocity is directed sideways, the 
path 0-B no more follows this rule. The mass, m, is then 
refracted at the respective equipotential planes. 

The same reasoning applies to an electron which moves in 
a uniform or non-uniform electric field with an initial velocity 
which makes an angle with the field lines. This is illustrated in 
Fig. 60b. The electron trajectories in Fig. 58 are now readily 
understood. The electrons which are emitted in the direction 
along the axis travel in a straight line to Fj on plate C, just as the 
axial ray in an optical system reaches the focus in a straight line. 
The focussing action of the potential field is exerted on the “stray 
electrons” which are emitted sideways at angles not too lar^e. 


/ 


/ 



A 
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Fig. 60b. The paths of electrons emitted with a velocity making an angle with 
the direction of the lines of force of the electrical field. This explains directions 
indicated in Fig. 58. 


The focussing action of an aperture system upon an electron 
stream was first recognized and expressed in mathematical form by 
Davisson and Calbick of the Bell Telephone Research Labora- 
tories (New York) in 1931. These workers published the 
formula for t;he focal length of an electrostatic electron lens of 
the aperture type expressed in terms of the voltages applied to 
the electrodes. The ground work in this' new field of electron 
optics had been done a little earlier in Germany by H. Busch in 
1926. He was able to establish the mathematical theory of the 
magnetic electron lens of which more will be said in Chapter 12. 



Chapter 12 
Magnetic Lenses 

Magnets and Magnetic Fields 

Everyone is familiar with the ordinary magnetic compass— a 
small piece of steel pivoted so as to move in a horizontal plane. 
Its usefulness depends on the fact that one particular end always 
points toward the north, when the compass is kept at rest and 
level. The end which points to the north is called the north pole, 
that pointing to the south, the south pole (Fig. 61 ). 



It is really not known exacdy when compasses were first used, 
but the earliest forms use a magnetic substance which occurs 
naturally on the earth’s surface. This substance called lodestone 
(leading-stone) is made up of oxides of iron. If an irregular piece 
of this mineral is suspended by a thread so as to be balanced hori- 
zontally, the longest dimension will always set so as to point in 
a north-south direction— one definite end always pointing to the 
north. 

The question may be asked, “How did the modern small steel 
magnet develop from the lodestone?” This leads us to speak of 
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a very important property of lodestone, i.e., that it is able to 
attract to itself pieces of iron or substances containing iron. Not 
only will the lodestone attract iron, but if it comes in contact with 
a piece of iron, it will impart its own power to the iron and so con- 
vert it into a magnet. Every boy with a jack-knife knows he 
can magnetize it by rubbing it on a magnet. All* our magnets 
are made of steel, because steel will retain this curious magnetic 
property longer than soft iron. 

When people began to experiment with these magnetic 
needles, they discovered a very curious property which has to do 
with the interaction of one magnet on another. If we have two 




- The laws of magnets; 
unlike poles attract each 
other, like poles repel 
each other. 


magnetic needles and pick one up and bring one end up to the 
end of a second magnet, we find that two poles which are differ- 
ent (N and S) always attract each other, but that two poles of 
the same kind (N and N, or S and S) always will repel each other 
(Fig. 62 ). This last fact recalls to us something similar regard- 
ing electrical charges— like charges .repel, unlike charges attract 
each other— but this does not prove any real connection' between 
magnets and electrical charges. 

One very remarkable difference is apparent at once. We may 
impart to a body a positive or a negative charge and detect its 
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presence by simple tests. But we cannot detect both a nega- 
tive and a positive charge on an isolated conducting surface, 
since the two charges neutralize each other. For magnets, the 
opposite condition exists. Each magnet always has a north pole 
and a south pole and we can never get any separate portion of 
a magnetic substance with only one kind of pole, north or south. 
If we have a piece of steel which is magnetized and break it into 
any number of parts, all the parts are still perfect magnets with 
both north and south poles (Fig. 63) . 

N 5 

^ 1 


n 5 hf s' 

Cl ^ ^ — 'i 

N 5 'n' 5* li" 5 " 

^=1 

Fig. 63. Breaking up a magnet into many parts always makes a complete magnet 

out of each part. 

Since one magnet will exert a directive force on another, and 
since any magnet always sets itself in a north-south direction when 
free to do so, we decide that the earth itself must have a directive 
action on a magnet. From this we conclude that the earth itself 
is a huge magnet also having two poles, i.e., points toward which 
the north and the south poles of magnets are directed. The 
magnetic pole in the northern hemisphere is in northern Canada 
near Hudson Bay; this point is known as the north magnetic pole. 
Neither of the earth’s magnetic poles are in the same place as 
the geographical north and south poles. 

Just as in the case of the attractions and repulsions between 
electrical charges, so we have here the remarkable fact that one 
body affects another apparently “at a distance.” In this case also 
Faraday ascribed this interaction to something going on in the 
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space round about the magnets. We speak, then, of the region 
round about a magnet as a magnetic field of force, and also of 
magnetic lines of force which show us graphically the direction 
of the magnetic force at any point round about any magnet. 
These magnetic lines of force can be easily found in a plane by 
moving a small compass around on a piece of cardboard placed 
over the magnet and marking at every point the direction in 
which the compass needle sets itself. 

Fig. 64a, b shows the distribution of lines of force about a bar 
magnet and between the poles of an ordinary horseshoe magnet; 



Fig. 64a. 

The magnetic lines of 
force about a bar mag- 
net. 


the remarkable and, as we shall find later, useful property of the 
field of the horseshoe magnet is that the most intense force is in 
the region between the poles and that in the central part of this 
region the field is uniform, i.e., the force on a unit pole is the 
same at every point. (Fig. 64b). 



Fig. 64b. 

The magnetic lines of force for 
a horseshoe magnet. 
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It has been agreed to define the direction of the line of force 
as the direction in which a north pole tends to point. This is 
the direction indicated by .the arrows in Fig. 64a. 


The Magnetic Field about a Conductor bearing a Current of Elec- 
tricity: The Electromagnet 

What has a magnet got to do with an electron? The answer 
to this question goes back to an accidental discovery in 1820 by 
a Danish scientist, Oersted, that an electric current flowing 
through a wire exerted a magnetic effect in the region round about 
the wire. In other words, the current through the wire set up 
a magnetic field. This is illustrated in Fig. 65. If we follow the 




Fig. 65. 
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The direction of the magnetic lines of force about a conductor through 
which a current is flowing. 


movement of the poles of the magnet in its various positions, we 
are led to the conclusion that the magnetic lines of force about 
the wire are circles in planes at right angles to the wire and with 
their centers in the wire. The relation between the direction of 
the current and the direction of the magnetic lines of force is 
given by a very simple rule (Fig. 66) . If we are using a screw- 
driver to drive in a screw, and let the direction of progress of the 
screw represent the direction of the current, the direction of 
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D/rect/on of- 
m^i^n&t/c f he o/ force 


Direction oi current 


Fig. 66. A simple rule for remembering the relation between the direction in which 
„ »ow„g „ . cnduco, and *a diaandon of *. fiSS 




(b) 


Fig. 67 . 

The direction of the 
magnetic lines of force 
about a conductor bent 
in a circle and the de- 
velopmeht of the elec- 


tromagnet. 






MAGNETIC LENSES 


129 


rotation of the thumb represents the direction of the magnetic 
line of force. 

Now if we bend the wire of Fig. 66 in the form of a circle, 
as in Fig. 67a, the lines of force, if we could see them, would 
appear to come out of one face of the circle, bend around the 
wire and re-enter the other face of the circle of wire. This is 
shown in the plane of the circle of wire in Fig. 67b. In fact 
. this figure suggests that the circle of wire acts as though it were 
a very thin flat magnet, such as we might get if we sliced out a 
very thin section of the bar magnet shown in Fig. 64a. 

If, instead of a circle of one turn, we have a long wire coiled 
up in what is called a solenoid (Fig. 67c), we have an exact 
parallel of a long bar magnet; such a solenoid is known as an 
electromagnet. One end of the solenoid is a north pole and the 
other end a south pole, the polarity of either end depending on 
the direction of the current through the coil. 

. In this case we have produced the equivalent of a bar magnet 
without the use of any lodestone, iron or any other magnetic 
substance. One very important property of such an electro- 
magnet is that the strength of the magnetic field within the coil 
of wire is unijorm (see Fig. 68). However, we can get a much 



Fig. 68. The magnetic field at the center of a long solenoid is uniform. 
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Stronger magnetic field about the electromagnet if we insert a 
core of iron or steel in the solenoid. 

The great usefulness of the electromagnet is due partly to the 
fact that by increasing the value of the current through the wire, 
we can increase the strength of the magnetic field over a great 
range of values. Again, by employing an alternating current, it 
is possible to cause a corresponding variation in the direction of 
the magnetic force. 

The Action of a Magnet on a Conductor Bearing a Current 

Oersted’s discovery showed that a current in a conductor can 
move a magnetic needle: that is, a fixed conductor bearing a cur- 
rent affects a movable magnet. The converse of this is that a 
fixed magnet ought to produce motion of a movable conductor 
which is bearing a current. This can be shown to take place in 
a simple experiment (Fig. 69) . A battery sends a current through 



Fig. 69. 

Showing that a stationary 
magnet can produce motion in 
a conductor bearing a current; 
the converse of the action 
shown in Fig. 65. 


i 
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a wire, AB, which is suspended from a metal hook, A, and dips 
into a layer of mercury, M; a bar magnet is supported through a 
cork at the bottom of the tube. When the current is sent through 
AB, the lower end rotates about the pole of the magnet as long 
as the current flows. Here the motion of the conductor is per- 
pendicular to both the direction of the current and the direction 
of the magnetic lines of force; in the case of Oersted’s experiment, 
the motion of the magnetic pole is in a direction perpendicular 
to both the direction of the current and the direction of the mag- 
netic lines of force from the magnetic needle. 

Now if electrons are negatively charged particles, a stream 
of electrons moving along a straight line should be equivalent to 
a flow of negative electricity in that direction. Consequently, if 
the stream of electrons is sent through a magnetic field, the mag- 
netic force should move the electrons in the stream in a direction 
at right angles to both the direction of the electron stream and 
the direction of the magnetic field (Fig. 70 ) . 

It was just this observation which led Sir J. J. Thomson to 
conclude that the electron stream acted as though it were a 
stream of negative electricity and to announce that electrons were 
small particles of matter charged negatively. 

Experiments show that the electron is affected by a magnetic 
field only when it is moving. If the electron is at rest, there is 
no action whatever. 



Fig. 70. The deflection produced in the path of an electron passing through a 

magnetic field. 
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Comparison of the Action of Electric and Magnetic Fields on 
Electrons 

We find then that the flight of electrons is affected by the 
presence of a magnetic field as well as by the presence of an 
electrical field. It is important to contrast the effects of tfiese 
fields. 


An Electrical Field 

1. Acts on an electron which is 
initially at rest and causes it to 
move along the lines of force 
in a direction opposite to the 
motion of a positive charge. 

2. Acts on moving electrons in 
such a way as to bend the 
beam into regions of higher 
potential (Fig. 55). This re- 
fraction of the electron beam 
at the equipotential boundary 
layers is accompanied by a 
variation in the speed of the 
electrons. 


A Magnetic Field 

1. Has no effect whatever on an 
electron which is at rest. 

2. {a) Has no effect on a moving 
electron as long as the direc- 
tion of motion is along the 
lines of force of the magnetic 
field. 

{b) Moves the electron in a 
circular path, if the direction 
of motion of the electron is at 
right angles to the lines of 
• force of the magnetic field. 
This circular path is still per- 
pendicular to the magnetic 
lines and the speed of the elec- 
tron is not altered. 


Fig. 71 a illustrates what will happen to a moving electron 
entering a uniform magnetic field in a direction at right angles 
to the lines of force. Immediately the electrons enter the mag- 
netic field, a force is exerted on them which tends to bend the 



Fig. 71. The path of an electron entering a magnetic field in a direction at right 
angles to the lines of force is changed to a circle. Fig. 7lb gives an end-on 
view of the circtdar path; the dots represent the sections of the lines of force. 
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electron beam into a circle of definite radius; this circular motion 
persists as long as the electron remains in the field. The value 
of this radius, R, varies directly as the velocity of the electrons, 
and inversely as the intensity of the magnetic field. The technical 

/expression is ^=^5 where m is the mass of. an electron, v its 

velocity, e its charge, and H the value of the magnetic field; these 
values must be expressed in terms of definite units in order to get 
the value of R in centimeters. 

If the magnetic field occupies a small space, the electron may 
escape from the region of the field before it completes the circular 
path; this is illustrated in Fig. 72. The electron beam enters the 
field at A and escapes at B; while moving in the field, the electrons 
i follow the path AB, which is an arc of a circle with the radius 
given by the above relation. That is, AB is a part of the dotted 
circle, which would really be the path of the electron if the 
uniform magnetic field extended farther in space. 

At the point B, where the electrons leave the magnetic field, 
the action of the magnetic force ceases and the electrons continue 
their flight in a straight line along the tangent of the circle at B. 
The circle which is indicated by the dotted line in Fig. 72 
appears as an ellipse since it is drawn in perspective. Figs. 71b and 



Fig. 72. The path of an electron which escapes from the magnetic field. 
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73 give the electron trajectories which an observer would see 
while facing the magnetic field. The dots indicate the field 
arrows. This principle of magnetic deflection of electron beams 
in the manner just described is used very generally in cathode ray 
tubes and television tubes for scanning. 

Fig. 74 illustrates this application of magnetic deflection in 
its simplest form. Two solenoids, Ci and C 2 , are placed, as 
shown, at right angles to the axis of the cathode ray tube. This 
is a modern Braun tube in which an electron stream is focussed by 



Fig. 73. 

End-on view of Fig. 
72. The dots represent 
sections of the magnetic 
lines of force. 


electrostatic lenses so as to form a sharp spot of light on the 
luminescent screen S at the end of the tube. When the coils are 
activated by an alternating current, an oscillating magnetic field 
will be established along the axis A-B of the coils. Since the field, 
H, is proportional to the current flowing through the coils of the 
solenoids, it will reverse its direction continuously according to 
the alternations of the current, i.e., H will be directed from A to B 
at one moment and from B to A l/60th of a second later, if 
60-cycle current is used. The effect of this alternating field, H, 
will be that the fluorescent spot on the screen, S, describes a 
vertical line flitting back and forth from Pi to P 2 . 

J Patli an Electron Moving in any Given Direction in a Magnetic 
Field: Vectors 

Let us now investigate what takes place when the magnetic 
field and the electron beam do not happen to be at right angles to 
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each other as in the previous examples but are inclined to each 
other at a smaller angle. 

For this purpose we need to say a few words about directed 
quantities in physics, which are called vector quantities. As 
examples we mention force, velocity, field strength; each of these 
quantities is determined by a numerical value and a direction. 
The velocity, or speed, of a moving object for instance, may be 
50 miles per hour where 50 is the numerical quantity. In order 
to describe the movement fully, we must also indicate the direc- 
tion in relation to some reference point. Thus we say, a car is 



Fig. 74. The magnetic deflection of an electron stream due to an alternating field. 

tfavelling north on a highway with a speed of 50 miles per hour. 
Everybody then knows exactly what the car is doing. Other 
■quantities in physics are fully described by a mere number. They 
are called scalars; examples of scalar quantities are mass and tem- 
perature; the concept of direction is not associated with these 
terms. 

Vector quantities are generally represented by arrows where 
the length of the arrow indicates the numerical value and the 
arrow head, the direction; the arrow is called a vector— merely 
a straight line having a definite length and a definite direction. 



136 


THE ELECTRON MICROSCOPE 


We have already made use of this symbolism in Fig. 59 (p. 120 ) 
where we describe the directional emission of electrons from a 
cathode. 

The interesting feature of these vectors is that they can be 
split up graphically into various components or, what amounts 
to the same thing, several vectors can be added by simple rules 
in a diagram. Let us illustrate this rule for a force diagram. 

In Fig. 75, a force Fi of 3 units, acts upon a mass situated at 
O in the direction 0-A for a certain time so that the mass is moved 
from O to A. A second force, F 2 , of 4 units is then applied for 
the same time at A in the direction A-B so that the mass is moved 
to B. The same result could have been obtained by having a 

6 

Fig. 75. 

The sum of two vec- 
tors. 


force, Fa, equal to 5 units act on the mass at O in the direction 
0-B for the same time. As the vector F 3 accomplishes the same 
effect as Fi and F 2 both acting together. Fa is said to be the sum 
of Fi and F 2 . We could also have applied F 2 first to get to C 
(Fig. 76a) and then Fi to get from C to B and would have obtained 
the same result. By drawing the two arrows Fi, F 2 from the com- 
mon origin O (Fig. 76b), we find that a rectangle results of which 
Fa is a diagonal. If the two original forces act at a different 

B 

F^, 

O Fj C ( 

(a) 

Fig. 



(b) (c) 

76. The sum of two vectors. 
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angle with respect to each other, as in Fig. 76c, we obtain a par- 
allelogram. In every case, the diagonal of the rectangle, or 
parallelogram, obtained in this graphical manner gives the magni- 
tude and direction of the force Fa which brings about the same 
final displacement as that produced, in steps, by Fi and F 3 . This is 
the well known parallelogram of forces probably familiar to the 
reader from his school days. Instead of forces, the arrows may 
represent velocities or other vector quantities. 

By reversing the vector addition, we find that we can split up 
a vector into two components that add up to the original vector 
as long as the original vector forms the diagonal in a rectangle 
or parallelogram. 

If the arrow marked v in Fig. 77a represents the magnitude 
and direction of a velocity with which a body moves from O, 
we will get to B by moving in two steps, as shown in 

Figs. 77b, and 77c. 



After this little excursion we now return to our main issue, 
i.e., the influence of a magnetic field on moving electrons. In 
Fig. 78, we picture an electron moving with a velocity in a uni- 
form magnetic field H, so that the direction of v and that of H 
make an acute angle. We have no rule that would enable 
us to predict directly the trajectory which the electron will fol- 
low. But we do know the effect of H upon electrons moving 
parallel with, or at right angles to, H. Here we find the breaking 
up of a vector to be a welcome solution to our problem. We 
simply assume for the moment that the electron moves first with 
a velocity, Vi, at right angles to H and then with a velocity, Va, 
in the direction of H and deduce what path will result when both 
Vi and Va are possessed by the electron at the same time. 
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Fig. 78. The velocity of an electron in a magnetic field resolved into two new 
directions, one parallel to the field and the other at right angles to the field. 

It is quite plain from the rules which we have stated above that 
the electron moving with velocity and direction Vi in Fig. 78 
describes a complete circle which is oriented at right angles to 
the direction of H and thus returns to P from where it started. 
We are also certain that the electron moving with in the direc- 
tion of ff is not affected by H and thus proceeds in a straight line. 
These two motions are represented in perspective in Fig. 79. 
■Here a long solenoid is drawn which supplies the axial field, H. 
It has to be long in order to insure a uniform field in its central 
section where we shall study the electron movement drawn in 
Fig. 79, through the cut-away shown. We assume that the elec- 
tron has the velocity v at P, on the solenoid axis 0-0', which 



Fig. 79. The focussing action of a magnetic field on an electron diverging from the 

direction of the field. 
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of necessity will be the axis of a vacuum tube inserted into the 
solenoid. What happened to the electron before it arrived at P 
does not concern us here as long as we assume that it had a linear 
motion in the direction, PB. The moment it arrives at P the 
switch which actuates the solenoid is closed and produces the 
magnetic field instantly. Now we split v into and Vz and ask 
what path the electron will follow when it has these two velocities 
simultaneously. The electron tends to describe the circle but at 
the same time it progresses with the uniform velocity, Vz, toward 
the right. The path thus becomes a helix which is wound about 
a fictitious cylinder touching the axis 0-0'. Fig. 80 shows the 
view obtained by looking into the solenoid from the right. By 


Fig. 80. 

View of previous figure 
end-on. 



the time the circle would have been completed the electron has 
arrived at Pi. In the absence of a magnetic field, the path of the 
electron would be along the straight line to B. We thus make 
the important observation that an electron which tended to move 
away from the axis (in a divergent beam) has been forced back 
onto the axis some distance away, because of the action of the 
coaxial magnetic field. This coaxial field, then, acts upon a diver- 
gent beam of electrons in the same way as a lens acts on a 
divergent beam of light, Le., it produces a focus. Fig. 81 is the 
drawing of a space model which illustrates the trajectories of 
a number of electrons which originate at P with the same constant 
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P* 


Fig. 81 , 

The helical paths of 
electrons from source P 
to focus P'. 


velocity but in different directions with respect to the axis. They 
all converge toward Pi, the focus of the magnetic lens. 

The lens property df the long solenoid was recognized at an 
early date. E. Wiechert in 1899 introduced the concentration 
coil, as it was called, in connection with the Braun tube and it 
proved to be a most useful device in the early days of cathode 
ray tube technique. 

jTht Magnetic Lens 

•What we have described above at great length is really a very 
old story. The great advance made by Busch in 1926 was that he 
demonstrated and proved mathematically that a non-uniform 
magnetic field, in the direction of the tube axis, produced by a 
short solenoid also has the properties of a lens, and that the rela- 
tion between focal length, magnetic field strength and electron 
velocity fitted well-known optical formulas. 

The action of a short magnetic lens is illustrated diagram- 
matically in Fig. 82. A divergent electron beam originating at 
P on the electron optical axis of the system enters- the non-uniform 
magnetic field produced by the short solenoid, S, and is thereby 
brought to a focus at P'. The short solenoid thus fully satisfies the 
optical conditions for the formation of an image of an object. 
A point in the object is reproduced as a point' in the image. In 
optics, the object must be the source of light beams; in electron 
^ optics, the object at P must be the source of electron beams. 
In optics, the refractive medium is a glass lens; in electron optics, 
the refractive medium is a magnetic (or electric) field. In optics, 
the image is formed either on a screen or on the retina of the eye 
of the observer; in electron optics, the image is formed on a 
fluorescent screen or on a photographic plate. 
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The equivalence of the action of a magnetic lens on an electron 
beam to that of a convergent glass lens on a light beam is further 
illustrated in Fig. 83, where the two corresponding systems of 
lenses are shown side by side. The focal points F and Fi on each 
side of the lens are also indicated. The distances along the axis 
from the center of the lens to the object P, the image P', the first 
and second focus F and Fi respectively, are connected by a mathe- 
matical equation which applies in both cases. 

The transformation of an object point into an image point 
has been demonstrated in the previous examples for the case that 
both these points were situated on the axis of the system. An 
object of physical dimensions must of necessity extend beyond the 
axis. Just as in light optics, the rule apphes in electron optics, 
namely, that an image of objects can be formed as long as the 
image-forming rays do not diverge too far from the axis. Rays 
which travel near the axis are called paraxial rays. The means 
employed to insure that this condition is fulfilled are very similar 
for light rays and electron rays. It is the aperture stop familiar 
to everyone from the photographic camera. Fig. 84 illustrates 
the function of this device for limiting the beam angle. Thus in 
Fig. 84a, the light emitted by the object O at rather large angles 



142 


THE ELECTRON MICROSCOPE 




Fig. 83. Comparison of a convergent light (glass) lens and a convergent electron 

(magnetic field) lens. 


with respect to the axis is stopped by the aperture disc A, so 
that it cannot reach the lens. 

It has been mentioned in an earlier chapter that such wide- 
angle rays would cause severe distortions of the image if they 
were permitted to penetrate the marginal regions of the lens. 
This state of alfairs also prevails in electron-optical lens systems. 
Fig. 84b shows the electron rays originating at an oxide cathode, 
C, which is again shielded by a guard ring, S. The anode. A, 
which accelerates the electrons serves, at the same time, as aper- 
ture stop and insures that only paraxial electrons reach the mag- 
netic lens, L. 
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Fig. 84. Comparison of the use of aperture stops in light and electron lens systems. 
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Chapter 13 

The History of the Electron Microscope 

In the previous pages we have made ourselves familiar with 
the general principles and the outline of the theories that have led 
to the discussion of electron lenses. From now on, it will be 
our task to show how these lenses can be used to produce enlarged 
images o’f different types of objects in electron microscopes. As 
there exist two types of electron lenses, electrostatic and magnetic, 
we shall find that two types of electron microscopes are in use. 

Before entering upon their description, it might be well to 
pause for a moment and review the steps in theory and experi- 
ment which resulted in this modern tool of research. This wdi 
give us an opportunity to record in chronological order the con- 
tributions which have been made from time to time by workers 
in different countries. 

In optics, we find that lenses were used to form images of 
objects long before the dual nature of light was established. Even 
today, the designer of optical instruments leans heavily on the 
corpuscular concept in the sense in which it was associated with 
Newton, but has also to keep in mind that waves are involved and 
limit his simple geometrical theory. He is thus very old-fashioned 
and very modem at the same time. When he wishes to deter- 
mine the path that a light beam will follow through a number 
of lenses, he proceeds to draw straight lines according to geometri- 
cal rules. We have used this technique in Chapter 2. 

The field of application where this method gives satisfactory 
results is called geometrical optics. It covers the effects of reflec- 
tion and refraction and lends itself particularly to ray tracing 
on mir rors and through prisms and lenses. The effects which 
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require the wave concept for their explanation form the domain 
of physical optics. Here we find the treatment of diffraction, 
interference and polarization. Since we realize that the corpus- 
cular and the wave concepts cannot be segregated in principle 
when dealing with the nature of light, we may object to this 
classification of geometrical versus physical optics. After all, it 
is the same light which produces the effects in both domains. 
Nevertheless, this temainology has been carried through the text- 
books and may have its use at times. 

We should then, likewise, speak of geometrical electron optics 
in cases where the corpuscular concept of the electron is upper- 
most in our minds, and of physical electron optics where we 
stress the wave nature of the electron, while being fully aware 
of the dual nature of the electron at all times. This practice has 
indeed been followed. 

When we trace the trajectory of an electron beam through 
a potential field we use a set of geometrical rules— different of 
course from that used in optics— and obtain a first approximation 
to the actual path. For this reason, the treatment of electron 
lenses and the associated electron paths form the subject of Geo- 
metrical Electron Optics. Davison and Germer’s experiments 
on the diffraction of electrons in a crystal lattice and the discus- 
sion of the resolving power of the electron microscope where the 
wave nature of the electron plays the decisive role belong to the 
field of Physical Electron Optics. At times it may be doubtful 
which department may solve a certain problem the more easily. 
The reader should not worry about this; it is not very important. 

We may now state that geometrical electron optics was devel- 
oped as a result of— and not before— the full understanding of 
the dual nature of the electron. This need not have been so. 

Long before the electron was discovered. Sir William Rowan 
Hamilton had clearly shown (in 1830) that a st rikin g analogy 
exists between the law that governs the movement of a corpuscle 
through a given field of force and the law which governs the 
trajectory of a light beam through a series of media of different 
refractive indices. 
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In the first case, the mass will move from a point Pi to a point 
P 2 under the influence of the existing mechanical forces in such 
a manner that the product of the momentum, mv, multiplied 
by the length of a small element of the path, ds^ will give the 
smallest possible value when added up over the total length of 
the actual path from Pi to P 2 . Readers who have been exposed 
to a mathematical treatment of mechanics will recognize in this 
rule the famous principle of Maupertuis, which was formulated in 
the middle of the eighteenth century and which may be given 
the following mathematical form: 



vds = a minimum 


In the case of light, Fermat had shown, in 1667, that a beam of 
light will follow a path from a point Pi to a point P 2 through 
various media of different refractive indices in such a manner that 
it takes the least possible time. This principle can be expressed 
mathematically in the following form: 


/ nds = a minimum 

where n is the refraction index of the medium at any point. 

Putting these equations side by side reveals to us, who are by 
now supposedly well educated by the literature of the preceding 
chapters, the fundamental similarity between light and matter. 
We find as we have stated before in Chapter 11 that the particle 
’velocity, v, takes the place of the refractive index, n, in the opti- 
cal laws. 

When the electron was discovered and recognized as a particle 
of a definite mass, m, and electron experiments had revealed strik- 
ing similarities to optical experiments (1900), the way was open 
to develop geometrical electron optics on the basis of Hamilton’s 
analogy between the basic mechanical and optical principles. By 
the time the dual nature of light was generally accepted by 
physicists, about 1910, there was really no excuse for not 
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suspecting a like duality of the electron. Evidently, such a 
sympathetic approach to the study of nature, which would have 
been nattiral to the Greeks, was not cultivated at the time. 

So the years went by, existing theories were carefully refined 
and much experimental work done with the aim of revealing 
the structure of the atom and the role which electrons played 
in it. Many times, when electron beams were caused to interact 
with atoms, whether they were in the form of a gas or in a 
solid array at the surface of a crystal, the observed effects were 
not in agreement with the conventional view of the corpuscular 
nature of the electron. 

We then wimess, in 1923, the announcement of the dual 
nature of the electron by Louis de Broglie. There was as yet no 
experimental proof; a great vision had been crystallized into mathe- 
matical theory and stood as a challenge to the experimental 
physicist. Strangely enough this challenge was not accepted 
immediately. It was necessary for W. Elsasser (1925) to call 
attention to the fact that the demonstration of electron diffrac- 
tion would establish beyond a doubt the postulated wave associ- 
ated with the electron. C. J. Davisson, of the Bell Telephone 
Laboratories in New York, began to search for this diffraction 
effect systematically in 1926 and was joined in this work by L. H. 
Germer a little later. In 1927 their efforts were crowned with 
success. The experimental data obtained from the diffraction of 
fast electron beams at the surface of a nickel single crystal con- 
firmed the de Broglie relation for the electron wave length, 


mv 

Similar eflFects were observed by G. P. Thomson and his co-work- 
ers at about the same time. In 1926-27 H. Busch established 
the theory of the electron lens represented by axially symmetric 
magnetic or electric fields, and thus became the founder of 
geometrical electron optics. 

In 1931 C. J. Davisson and C. J. Calbick performed experi- 
ments on the lens properties of apertures and published the formula 
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for the focal length of a circular and a slit aperture. Thus the 
electrostatic electronic lens made its appearance. 

During the ensuing years, the subject of geometrical electron 
optics was most actively developed in Germany and a large num- 
ber of publications in scientific journals followed one another in 
rapid succession. 

In 1932 both types of electron microscopes were described 
and the first images were shown. E. Briiche and H. Johannson 
produced the first electron images of an oxide cathode with an 
aperture lens system utilizing 300-volt electron beams. M. Knoll 
and E. Ruska developed the first magnetic electron microscope 
and produced images of a cold cathode with short magnetic lenses, 
utilizing 60,000-volt electron beams. The theory of electron 
lenses was largely developed by J. Picht, O. Scherzer and W, 
Henneberg. 

The amount of work covered by this school of investigators 
within the short time of a few years may be appraised by the 
fact that in the latter part of 1934 the first book entitled “Geo- 
metric Electron Optics” (in German) was published by E. Briiche 
and O. Scherzer. It consisted of some 320 pages of scientific 
and technical matter and has become a classic to workers in this 
field. The years from 1934 to the present have not produced 
any fundamentally new principles in electron optics, if such were 
at all possible, but have brought about a continuous improvement 
of electron-optical instruments and a better understanding of their 
mode of operation. Some of these features will be dealt with in 
the ensuing chapters. The work on the construction of an elec- 
tron microscope at the McLennan Laboratory, University of 
Toronto, has already been recorded in the preface. 

This rapid development carried on in Toronto is only one 
example of the concentrated efforts that were directed towards 
the improvement of electron microscopes in many other places— 
so much so that it is now difficult to state how many of these 
instruments exist. 
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We shall now proceed to give in the following chapters a 
description of the structural features of the electrostatic and mag- 
netic electron microscope as far as it is essential to the understand- 
ing of their operation. Very many details must of necessity be 
omitted in a general text of this type. 
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Aluminum oxide smoke (X 30,000). 
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Carbon black particles (X60,0(X>). 



Chapter 14 

“^The Electrostatic Electron Microscope 


I Object and Image 

In order to form images of objects with the aid of electron 
beams, one essential condition must be satisfied. Electrons which 
leave a point on the object at small angles with respect to the 
normal to the object plane must be reunited at a point in the 
image plane. Object and image plane are parallel to each other 
and separated by a given distance along the electron optical 
axis of the system. Object points in the object plane are con- 
fined to the close proximity of the axis, whereas image points in 
the image plane are located within the circle of sharp image 
formation which will have a diameter of several inches depending 
on the magnification of the system. These statements are illus- 
trated in Fig. 85 in a simplified manner. Five representative 
points A, B, C, D, E are chosen in the object plane (O, P) and 
form the apex of five cones of divergent electron rays. In the 
plane indicated by L an electron lens, or a combination of several 
such lenses which in effect can be replaced by an ideal t hin lens, 
is located. The function of this lens is twofold. The cone of 
electron rays which diverges from the object point must be 
inverted so as to converge to a point in the image plane. The lens 
plane thus becomes the base of a series of double cones. In order 
to bring about this result the forces acting upon the electrons in 
any one of the various beams must be directly proportional to the 
radial distance of an electron from the axis of any one beam to 
which it belongs. In this manner, the electrons which tend to 
diverge the most undergo the greatest constricting force. At the 
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same time, the electron lens will impart to the beams a deflec- 
tion which will make the distances between the image points, 
A'B'C'D'E', respectively, greater than the corresponding distances 
between the points, A B C D E, in the object plane. Thus a mag- 
nification of the object results which is given by the ratio of the 
distance of an image point from the optical axis to the distance of 
the corresponding object point from the axis. This ratio M,, the 
magnification, must be constant for all image points in order to 
obtain a linear representation of the object in the image plane. 



Fig. 85a. Object points and image points with an electron lens. Equivalent to a 

negative lens. 


Figs. 85a and 85b illustrate how the electron beams may either 
spread out from the lens plane or cross each other in an inter- 
mediate plane, F, near the axis. (It may be remarked here, that 
this socalled “cross-over” is of particular interest in the theory of 
cathode ray tubes since it represents a virtual cathode of high 
current density. A limiting aperture is placed in this plane, F, 
and an image is formed of it on the fluorescent screen with as low 
a magnification as possible so as to obtain an intense and very small 
pin point of light on the screen.) 
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Fig. 85b. Object points and image points with an electron lens. Equivalent to a 

positive lens. 


Aji Electrostatic Negative Lens 

In the first case (Fig. 85a) the lens action would be equivalent 
to a negative lens in optics (see Fig. 12b) and could be brought 
about by an aperture lens in front of a cathode followed by a 
field free space to the right (Fig. 86). This arrangement repre- 
sents the only negative electron lens known. All others are posi- 
tive in their action (see Fig. 12a). Since the lens field in Fig. 86 


K A 



O + 


Fig. 86 . The theoretical arrangement for a negative electron lens. 
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extends to the cathode, our new object, we have to classify this 
arrangement as an immersion lens. Unformnately this system has 
no practical value because the voltage that can be applied in close 
proximity to the cathode is limited to values of the order of 50 
volts and electrons of such low velocity barely excite fluorescence 
on a luminescent screen. We find then, in most electron image- 
forming systems, that the beams cross the optical axis and that 
the position of the image is inverted with respect to the object, 
as shown in Fig. 85b. 

Electrostatic Positive Lenses: The Three Electrode Lens 

The first practical electron lens system which lent itself to 
the construction of an electrostatic electron microscope was de- 


5 



Fig. 87. Briiche and Johannson electrostatic electron microscope. 


Diameter C = 5 mm. 

Aperture G = 1.2 mm. 

Aperture A= LO mm. 

c = 0.5 mm. 

d = LO mm. 


L = 240 mm 
Vq = 140 volt 
Va = 750 volt 
Vs = 750 volt 


scribed by Briiche and Johannson in 1932. It is called “the immer- 
sion objective lens.” We shall here briefly describe the structural 
features of this lens without going into a discussion of its theory 
which is rather involved. For purposes of brevity we shall use 
the letters LO. as an abbreviation for immersion objective. 

In its original form, the I.O. consisted of two aperture disks 
located in front of the cathode, as shown in Fig. 87. The indi- 
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rectly heated cathode, C, of the oxide-coated variety, is surrounded 
by a guard ring at cathode potential as we have described on other 
occasions in this text (see Fig. 58). In front of it, at a distance, 
c, from the cathode surface, a first disk of molybdenum sheet, 0.2 
mm thick, is mounted with aperture G 1.2 mm in diameter. In 
conformity with radio-tube practice this disk element is called 
the grid, G. At a distance, d=l mm, from G a second molyb- 
denum disk. A, with an aperture 1 mm in diameter, is mounted; 
this serves as anode. The fluorescent screen, S, which is main- 
tained at anode potential, is mounted at a distance, L=240 mm, 
from the cathode surface. It goes without saying that the vari- 
ous electrodes must be aligned most accurately with respect to 



the axis and with respect to one another, since the slightest 
deviation from axial symmetry will produce image distortions. 
The aperture edges must not only be perfectly round but also 
free from burrs and carefully polished. In practice, this accuracy 
of the mount is achieved by the use of ceramic spacers between 
electrodes. In an experimental setup such as that of Johannson, 
the elements were mounted on an optical bench along which they 
could be moved in vacuo by means of external magnets. Provision 
was also made for varying the distance, c, between cathode and 
grid aperture, G, by mounting the cathode on a system of bellows. 
Fig. 88 a, b, c, shows (a) the elements on the optical bench sup- 
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port, (b) the cathode bellows, and (c) cathode images* obtained 
with the I.O. By adjusting the voltages on the electrodes C, G, 
A, it was found that a sharp image was obtained for Fe=140 
volts and ^^=750 volts corresponding to the dimensions given 
in the legend of Fig. 87. 


Fig. 88b. 



Arrangement of bellows for adjustment of the position of the cathode 
in a three-electrode lens. 


The Magnification of a Three-Electrode Lens 

Fig. 89a shows how the grid potential must be adjusted in 
order to maintain a sharp image when c is varied. Fig. 89b gives 
the resulting effect on the magnification, M. 

It turns out that, for any given value of c, a sharp image is 
obtained with a definite value of the ratio Vq/Vj^, and the mag- 
nification, M, depends only on this ratio, irrespective of the mag- 



Fig. 89a. Graph showing the value of the grid potential, Vq, necessary to give a 
sharp image in the three-electrode lens as the distance, c, between the cathode 
and the grid is changed. 

* For Fig. 88c, see C, E, G, H and I on plate, p, 176. 
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tlitudes of Vq and which satisfy this ratio. This is a very 
general law for electrostatic electron lenses; their power depends 
always on a potential ratio. In Fig. 90 the magnification, M, the 
diameter of the sharply reproduced image Bo, the diameter of the 



Fig. 89b. 

Variation of the magnifica- 
tion, M, of a three-electrode 
lens with the distance, c, be- 
tween cathode and grid. 


M 


Bo 


Ac 



Fig. 90. 

How (1) the magnification (Af), 
(2) the diameter of the sharp image 
(Bo), (3) the diameter of the region 
on the cathode (Ao = Bo/M) which 
is reproduced in the image, and (4) 
the distance between cathode and 
grid (c), severally vary with the ratio 
of grid potential (Fq) to anode po- 
tential (F^), for the three-electrode 
lens. 


Cmm. 
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sharply reproduced region on the cathode Ao=Bo/M and the 
distance, c, are plotted against the ratio VJV^ as abscissa. 

If one aims to reproduce sharply as large an area of the cath- 
ode as possible, the 1.0. must be operated at a value VJV^ = 0.1, 
for which Ao is a maximum in Fig. 90, and c must be made equal 
to 1.0 mm. The magnification then is about fifty-fold. We also 
learn from the characteristic curve that M reaches values as high 
as 200 if we are satisfied to reproduce smaller areas of the cathode. 
The cathode must then be very close to the grid aperture and the 
latter will assume negative potentials according to Fig. 89a. This 


Fig. 91. 

How the 
length of the 
lens, Ft, varies 
Vg/Vj,. 



0.4 - 0.3 - 0.2 - 0.1 




is in accordance with general microscope technique, where large 
magnifications are obtained with an objective lens of very short 
focus which demands that the object must be placed almost in 
contact with the lens. 

Fig. 91 gives a plot of the reduced focal length of the I.O., 
which takes into account the length of the system. For the opti- 
mum value VJV^=Q.l, a focal length of 3 mm. results. This 
curve also demonstrates the important fact that the focal length 
of an electron lens can be varied at will by changing the ratio of 
the applied voltages in the case of an electrostatic lens. This per- 
mits of considerable flexibility of the electron-optical system and 
allows adjustments of the power of the lens over a fairly wide 
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range. A glass lens has only one fixed value for its focal length, 
which is determined by its geometrical shape and the type of glass 
used. Again, the refractive index of the glass does not exceed 
1.66, while for electron lenses the quantity corresponding to the 
refractive index, i.e., VF 2 /F 1 , may exceed 10. 

The Four-Electrode Lens and its Magnification 

A modified I.O. of superior quality was described by Johann- 
son in 1934. It differs from the system just described by having 
an additional electrode which makes it a four-electrode system. 



Fig. 92. Johannson’s four-electrode 

Dc = 5 mm. 

Dcn = 1.1 mm. 

D(} 2 = 1.0 mm. 

Da= 1.0 mm. 


electrostatic electron microscope. 

c = 0.05-1.5 mm. 

di = 0.48 mm. 

da = 0.72 mm. 

L = 240 mm. 


Fig. 92 gives the diagrammatic view. The performance of the 
four-electrode I.O. is superior to that of the three-electrode sys- 
tem by about 50 per cent, as measured by a figure of merit B/T.; 
B is the diameter of the sharply reproduced image. It makes pos- 
sible not only a larger useful magnification, by 25 per cent, but 
also permits of the variation of M over a wider range. The focal 
length is correspondingly reduced to the order of 1 mm. The 
following figures give the performance characteristics of this 
system. 

The potentials to be applied to the various electrodes, for a 
given cathode-to-Gi distance c, are readily derived from the 
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graphs in Figure 93, where the ratios VqJVj, and Fq/Fa ^e 
plotted. Thus, if we choose Fa =1000 volts, we may decide 
to get a large magnification, M, of a small circular region of 



Fig. 93. 


diameter. A, of the cathode. Figure 94 then indicates that we 
should make F(j/Fa = 1.0 and give as small a value as practical 
to c, let us say 0.2 mm. (or 8 mils.) . The potential of G 2 is then 
equal to that of the anode A, i.e., 1000 volts. The intersection 
of the curve marked c = 0.2 (in Fig. 93), with the ordinate at 
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^ ajy ^ — 1 locates a value V f,JV ^ = —0.35, which gives 
l^G, = —0.35 V The potential of Gi is negative and, in mag- 
nitude, equal to 35 per cent of Fa, or —350 volts. This will give 
us a magnification of about 220 for the dimensions of the system 
as stated in the legend of Fig. 92. The diameter. A, of the region 
on the cathode producing the image is about 0.12 mm. as obtained 
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from Fig'. 97, i.e., less than 5 mils, which is about the thickness 
of a sheet of common note paper. Much larger magnification 
can be obtained with the electrostatic electron microscope if all 
the dimensions of the I.O. are reduced by a constant factor. 
M = X 4,000 has thus been reported by Johannson. Since the 
size of the aperture must also be correspondingly reduced we 
would obtain aperture diameters of the order of 0.1 mm. (4 mils) 
when using a reduction factor 10 to get M = X 2,500. This will 
necessarily weaken the intensity of the beam and reduce the 



brightness of the image obtained on the screen. For this reason 
the instrument is generally operated to give a magnification of 
the order of a few hundred times. 

The Resolving Power of the Electrostatic Lens 

When we come to consider the resolving power of the I.O., 
we must remember that it depends on the electron wave length 
in the object plane. The initial velocities of electrons emitted 
from an oxide cathode are of the order of 0.1 volt. Introducing 
this value into de Broglie’s formula for the electron wave length 
(see p. 95), 
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we obtain: 


k = 


i^A.U. (A.U. = 10-8cm.) 

\/V 


k = A.U. = 38.92 A.U. or 
VO-1 


38.92 

100,000,000 


of a cm. 


This value for K must then be substituted in the formula given 
on page 38 so that we obtain for the distance, d, of two object 
points which can just be separated in the image: (0.61 replaces ^ ) . 


, ^ 0.61A _ 0,61 X 38.92 X 10-« 
N.A. N.A. 

= X 10-® cm. 


The numerical aperature N.A., ( =n sin A) , as defined on page 38, 
is much smaller in electron-optical microscopes than it is in ordi- 
nary optical microscopes where values N.A. = 1.5 can be realized 
only with an oil immersion objective. 

In electron-optical systems severe limitations are imposed on 
the size of the aperture diameter in order to keep lens aberrations 
to a minimum. These aberrations are caused by rays divergent 
from the optical axis beyond a permissible amount, as we have 
learned above. To prevent such excessive divergence is the pur- 
pose of a very small aperture diameter which leads to a reduced 
value of sin A. We have also found in Chapter 11 (page 116), 
that the electron velocity corresponds to the refractive index n 
in optical systems. Since we are dealing with very slow electrons 
in the I.O. this value likewise becomes very small, so that n sin A 
is smaller by three orders of magnitude in comparison to values 
common in ordinary optics; Le., N.A. = 0.001. If we introduce 
this value in the last equation we obtain 

d = ^ X 10-« = 23.7 X 1000 X 10-8 
= 23.7 X 10"® = 23,700 A.U. or 237 mUlionths of a cm. 

Actually, Briiche and Knecht determined experimentally that 
a resolution of 15,000 A.U. had been reached with their instru- 
ment (1934). 
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There are other factors which operate against obtaining high 
resolving power with the I.O. when it is used for the investiga- 
tion of self -emitting objects, in particular of oxide-coated cath- 
odes. The granular structure of the cathode surface will distort 
the first refracting surface of the electron lens, Le., the equipo- 
tential area which matches the surface of the cathode. A local 
negative space charge in front of the cathode produced by par- 
ticularly active spots on the cathode may act in a similar manner. 
For refined investigations, it is then necessary to provide as 
smooth a surface as possible and to operate it at a relatively low 
temperature, so that space charge distortions are avoided. 

In spite of these restrictions, the service of the electrostatic 
electron microscope in manifold researches has been invaluable. 
We shall give a brief survey in the following chapter of the vari- 
ous apphcations to which it has lent itself. 

The Possibilities of Using Bright Emitter Cathodes 

We have thus far considered only the case of an oxide-coated 
cathode being used as an electron source in conjunction with the 
I.O. Nothing stands in the way of using a bright emitter such 
as a tungsten or molybdenum ribbon as the object. Due to the 
elevated temperature at which these materials have to be operated 
in order to yield emission currents comparable to^those obtained 
from dull emitters, a certain amount of direct light will reach 
the central area of the image and produce a background illumina- 
tion. This need not be serious since the apertures are small in 
any case. The metallic surfaces of these cathodes can be highly 
polished so that field distortions are greatiy reduced at the surface. 
In addition to this, higher voltages may safely be applied so that 
the resolving power will be increased considerably. 

Photoelectric Surfaces as Cathodes and other Variations 

Photoelectric surfaces can also be used as cathodes in tfte 
I.O. Provision must then be made that a light beam reaches the 
photo-cathode from the side, or from the rear when a transparent 
photo-cathode is employed. This latter principle is the basis of 
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Zworykin’s image tube which has found many useful applications. 
Since the emission yield from photo-cathodes is comparatively 
small, it is necessary to apply voltages of the order of 10,000 volts 
to the lens anode in order to obtain images of sufficient bright- 
ness on the luminescent screen. 

The cathode may be the source of secondary electrons pro- 
duced by the impact of primary electrons either under angle from 
the side or from the rear in the case of a thin metal film. 

Finally, high-speed electrons may be shot through a thin film, 
a technique which was explored experimentally by R. Behne in 
1936. He was thus able to obtain images of aluminum foils 0.6ju. 
thick with a magnification nearly 100 times, when 500-volt elec- 
trons were shot onto the foil from the rear and then accelerated 
by 3,000 volts and more on the anode of a three-element, Jbhann- 
son Immersion Objective. 

According to recent news reports the electrostatic electron 
microscope has been further developed in Germany by the All- 
gemeine Elektrizitats Gessellschaft, Berlin, a company with which 
Briiche, Scherzer, Henneberg, Johannson, Behne, Recknagel, 
and Mahl are associated. This new instrument utilizes high- 
speed electrons and thus overcomes one of the main limitations 
which we have found to operate against the realization of a high 
resolving power. 



Chapter 15 

Applications of the Electrostatic 
Electron Microscope 

Oxide-Coated Cathodes 

In this chapter we shall conjfine ourselves to a review of 
investigations on self -emitting objects (cathodes) carried out with 
the electrostatic electron microscope. As this field of application 
is so large that a whole book could be written about it alone, we 
must be satisfied with a number of typical examples taken from 
the published accounts of many contributors in various coun- 
tries. 

Keeping the limited resolving power of the electrostatic elec- 
tron microscope in mind, one might well ask what advantage is 
to be gained from the use of this instrument, since it can evi- 
dently not reveal any greater detail than can be obtained with 
an optical microscope. The answer is that electron emitters must 
of necessity operate in a vacuum, and observation by means of 
an optical microscope with short focus objectives is thus impos- 
sible. To be able to use the emitted electrons directly as the 
image-forming rays, and thus to obtain information about the 
emitting surface under operating conditions, is then of great 
value. 

The study of oxide-coated cathodes was the first application 
to which the electrostatic electron microscope lent itself. Ther- 
mionic emission from such cathodes has been used technically 
for over thirty-five years, but only recently has the theory of 
the mechanism of emission been clarified. 

Since the cathode surface should be uniform, the coarseness 
of the grain of the oxide layer (a mixture of barium oxide, stron- 
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rium oxide and calcium oxide) has a disturbing effect on the field 
pattern in front of the cathode. It is consequently desirable to 
use a very fine grain size for the coating in order to improve the 
quahty of the images. Such fine grain coatings must be applied 
in such a way as to produce a uniform thickness over the cathode 
area. This is done by a kind of electroplating process called elec- 
trophoresis (or cataphoresis ) . The powder particles are so fine 
that when they are dispersed in a liquid they have the character- 
istics of a colloidal solution, the particles of which have diameters 
ranging from 2X10*® to 10*'^ cm. Such small particles cannot 
be seen with an ordinary optical microscope using visible light. 
The term colloidal solution is defined by this range of particle 
size. Colloidal particles have an electrical charge, positive or 
negative, as the case may be; they will migrate under the 
influence of an electrical field and can consequently be deposited 
on one of the electrodes immersed in the colloidal solution. 
Cathode surfaces and very fine hairlike filaments, such as are used 
in battery-operated radio tubes, are coated in this manner. 

It turns out that electrophoretically coated cathodes have sev- 
eral technical advantages. As M. Benjamin and others have estab- 
lished by careful research, “the emission from an oxide cathode 
increases as the particle size of the oxide decreases. It is shown 
that the smaller particles give a more uniform emitting surface 
and increase the ratio of emitting to non-emitting areas.” This 
result was obtained with the aid of the electron microscope. 
Von Buzagh has indicated that an optimum value of particle size 
exists which gives the greatest emission yield just below the upper 
limit of colloidal size. 




Mechanism of Electron Emission from Oxide-coated Cathodes 


It has been established by innumerable experiments and inves- 
tigations during the past few decades that the copious emission 
of electrons from an oxide-coated cathode is due to the existence 
of a very thin film of metallic barium on the surface of the oxide 
layer. 
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The oxide layer itself is produced by a chemical reaction 
that takes place when the cathode is first heated in vacuo. It 
is probably the most general practice in America to spray onto 
the cathode surface a mixture of barium carbonate (BaCOg) and 
strontium carbonate (SrCOg), to which calcium carbonate 
(CaCOs) is added in some cases. These carbonates are prepared 
in the form of a suspension in amylacetate, with some nitro- 
glycerin as binder. Mixtures of this type arc commercially avail- 
able from chemical supply houses. The cathode material consists 
of pure nickel or nickel with a fraction of a per cent of titanium 
or aluminum added. During the process of exhausting the tube 
the cathode is heated in steps up to a temperature of about 1350°K. 
The alkaline-earth carbonates (or nitrates, or hydroxides as the 
case may be, depending on the compound that was originally 
sprayed onto the cathode) break down at about 1100° K into 
oxides and carbon dioxide (or nitrous oxide or hydrogen in the 
case of the nitrates and hydroxides, respectively). The gas is 
pumped away, leaving the oxide layer on the cathode. In the 
presence of small amounts of reducing agents such as carbon, 
titanium or aluminum, about 0.5 per cent of the oxide molecules 
are reduced to free barium (or strontium or calcium), with the 
release of oxygen. Confining our description to the case of 
barium, we may say that the barium atoms in the bulk of the 
oxide coating find their way to its .surface by diffusion and form 
a monatomic layer which, for optimum emission, need not cover 
the oxide surface completely. Partial reduction of the oxide 
takes place at the “sinter temperature” of about 1350° K. During 
its use the cathode is operated at about 1000° K and diffusion of 
the atoms to the surface may continue during its life. This 
thermal activation in the absence of externally applied voltages, 
which we have just described, is possible only in the presence 
of reducing agents. It is a reliable technique for mass production 
and does not require any prolonged ageing of the cathode after 
the tube has been exhausted. Electron emission to its full ex- 
pected value can be obtained from such a cathode when it is 
tested after completion of the activation process. 



170 


THE ELECTRON MICROSCOPE 


Aside from this purely thermal activation, another activation 
procedure may be followed which is characterized by the appli- 
cation of anode voltage during the high-temperature treatment of 
the cathode while the tube is evacuated. It may then be assumed 
that the oxide is separated into barium ions and oxygen ions 
which will migrate under the influence of the applied field accord- 
ing to Faraday’s laws of electrolysis. The direction of the field 
is such that the positive barium ions drift through the oxide toward 
the core metal, where they give up their charge, while the nega- 
tive oxygen ions migrate toward the surface of the coating and 
escape. The neutral barium atoms will then again diffuse through 
the oxide coating from the core metal to the surface and form the 
active surface layer, which is the origin of the electron emission 
under normal operating conditions. This electrolysis activation 
does not require any reducing agents and can thus be applied to 
materials of extreme purity. 

The existence of the thin barium film, the way in which 
it is produced, and the seat of the electron emission, have been 
subjects of lively controversy for many years. However, very 
conclusive experiments have been carried out that prove the exis- 
tence of the barium film at the cathode surface and show that 
without its presence the copious electron emission ceases; the 
barium film evaporates at 1600° K. The electron microscope ' 
has added greatiy to a better understanding of thermionic emis- 
sion, since it not only permits visual observation of the intensity 
distribution of the electron emission over the cathode surface 
during operation, but also reveals minute changes in emission from 
point to point, at the surface of the coating. 

' Comparison of the Electron Yields of Emitters 

Pure metals, such as nickel, tungsten, molybdenum and plat- 
inum, do not emit electrons unless they are heated to very high 
temperatures. Only tungsten and molybdenum are used as 
“bright emitters” m practical cases. To give an example, an 
oxide-coated cathode will emit 100 ma. per square centimeter of 
its surface when at a temperature of 1000° K. It will require a 
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certain number of watts to reach and maintain this temperature. 
If we divide the total emission obtained from a cathode by the 
number of watts supplied to the cathode heater, we arrive at the 
emission yield, which is about 20 ma. per watt for an oxide-coated 
cathode. A tungsten filament operating at 2300° K will give 
about the same emission per sq. cm. as the oxide cathode at 
1000° K, L e., 100 milliamperes per sq. cm., but the emission yield 
will be less than one milliampere per watt. 

In order to produce a current between such cathodes and the 
anode it is necessary to apply a positive potential to the latter. 
Now it requires a certain potential difference at the cathode sur- 
face just to pull the electrons out of the surface. The ease with 
which a cathode surface is able to emit electrons is measured by 
this voltage, which is known technically as the work junction 
for which the symbol, <^, is used. The lower the value of 
the more copious will be the emission and the lower also will be 
the operating temperature necessary to obtain a certain required 
emission current. Table 3 gives the work function, <^, for a 
number of different cathode materials and also the practical oper- 
ating temperature, the melting point, the emission yield in milli- 
amperes per watt and the electron emissivity in milliamperes per 
square cm. of cathode. 

Table 3. 




Melting 

Operating 

Tempera- 

Work 

Function 

Emission 

Yield 

Electron 

Emissivity 



Point 

ture 

0 

ma 

ma 

Emitter 

Symbol 

(°K) 

(»K) 

(volts) 

watt 

cm^ 

Barium 

Ba 

1123 


2.52 



Strontium 

Sr 

1030 


2.1 



Calcium 

Ca 

1083 


3.2 



Barium Oxide 

BaO 

2196 

1000 

1.1 

» 20. 

100. 

Strontium Oxide 

SrO 

2703 

1000 

1.4 


10. 

Calcium Oxide 

CaO 

2845 

1000 

1.9 


1. 

Tungsten 

W 

3643 

2300 

4.52 

1. 

100. 

Molybdenum 

Mo 

2890 

2200 

4.15 


100. 

Platinum 

Pt 

2047 


5.32 



Nickel ' 

Ni 

1725 


5.03 



Thoriated Tung- 

W-Th 


1900 

3.15 

40. 

1200 


sten 
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Cathodes with Films of Barium 

It has been found that electron emission can be obtained at 
comparatively low temperatures from pure metals, such as nickel, 
tungsten and molybdenum, when a thin film of barium is arti- 
ficially deposited upon them. Since these metals have ordinarily 
a fairly high work function, the effect of the added barium layer 
must be to lower their work function. 

The barium layer can be deposited in various ways. Barium 
vapor may be directed against the metal surface from a tiny oven 
in which barium metal is heated; after the required deposit is 
obtained, the oven is moved to the side so as not to interfere with 
the emitted electron stream. Instead, of this little barium oven, 
a regular oxide-coated cathode may be used which is brought near 
to the metal surface to be coated. When this oxide-coated 
cathode is heated to about 1600° K, its surface film of barium 
will evaporate and deposit on the adjacent metal surface. The 
a uxiliar y cathode can then again be moved out of the way by 
some convenient mechanism. 



A ^ C 


Fig. 98. Spread of areas of electron emission on a metal surface. 

Finally, a metal surface, for which nickel often serves, may 
be only partially coated with oxide as shown by the shaded 
half of a circular cathode in Fig. 98a. One might then expect 
that electrons would be emitted only from the shaded half after 
the cathode has been activated. The image of such a cathode 
in the electron microscope will disclose however that certain 
areas of the uncoated half circle also begin to emit electrons 
at the operating temperature of the oxide cathode, i.e., 1000° K. 
Fig. 98b is an image of such a cathode. After prolonged oper- 
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ation the emission will have spread to the entire half circle which 
was uncoated, but the first activated areas on this half will still 
stand out brightest (Fig. 98c) . Investigations of this kind were 
carried out by E. F. Richter in 1933 and brought forth the 
following results. 

The thin barium film on the surface of an oxide-coated 
cathode in the activated state evaporates, and beams of barium 
atoms are emitted in all directions as long as the supply of barium 
lasts. This is illustrated in Fig. 99, which gives a cross-sectional 
view of the cathode in Fig. 98. Most of the barium is evaporated 
away from the cathode and will condense on electrodes and tube 
walls in the vicinity. Some of the barium atomic beams, how- 
ever, strike the cathode itself, i.e., the uncoated section, at glanc- 
ing angles and will condense on the bare nickel if this is at a 
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Fig. 99. The spread of atomic beams from a coated cathode surface. 


lower temperature than the surface of the oxide. Such a tem- 
perature gradient exists when a reasonably heavy electron current 
is drawn from the oxide coating at elevated temperature. Due 
to the electrical resistance of the coating, the emission current 
passing through it will produce Joule heat that will bring the 
coating to a temperature higher than that of the underlying 
nickel by as much as 100° C. When no electron current is drawn, 
the nickel will have a higher temperature than the coating, since 
the oxide is a poor conductor of heat. In the latter case the 
barium deposited on the nickel will re-evaporate and the oxide 
surface will replenish itself with barium by diffusion from within 
the oxide. 

Depending on the prevailing conditions, an inversion of the 
electron optical image of the cathode can thus be observed. The 
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oxide-coated sections of the cathode may appear bright and the 
b^e metal dark in one case, and the opposite conditions may 
prevail in another, depending on the relative temperature dis- 
tribution and the history of the cathode. 

Rather than leaving one half of the cathode bare, as indi- 
cated in Fig. 98, the base metal of the cathode, the nickel, is 
readily exposed by ruling scratches in the oxide coating. When 
parallel scratches are ruled at measured distances on the coating 
the space between these scratches in the image gives a ready 
measure of the magnification obtained with the electron micro- 
scope. The barium will be deposited in these scratches according 
to the mechanism illustrated in Fig. 99 or re-evaporated from 
them. Fig. 100 (p. 176) gives reproductions of electron images 
obtained by W. Knecht in 1934 with such ruled oxide cathodes; 
one picture obtained by C. E. Hall at Toronto is also shown. 

Disclosure of the Crystalline Structure of Metal Siurfaces 

Investigations with the electron microscope such as those 
illustrated in Figs. 98 and 99 have disclosed that barium vapor 
and other alkali vapors condense on a clean metal surface in such 
a manner as to prefer certain patches on the surface where they 
build up a film of condensate first, and deposit over the whole 
surface only after a time. These patches of irregular shape turn 
out to be faces of crystals of which the original metal surface 
is composed. Any highly polished metal surface, unless it is a 
single crystal, can be made to expose its crystalline structure 
under an ordinary microscope after the surface has been etched 
by suitable solutions; this technique is commonly employed in 
metallography. It is necessarily limited to observations at room 
temperature and cannot disclose changes in crystal structure that 
may take place at elevated temperatures or on re-coolmg to lower 
temperatures. On the other hand the barium-activated metal 
surface will give not only a sharp and enlarged image of the 
crystalline structure of the metal without etching, which tech- 
nique is apt to destroy fine detail at times, but will disclose 
also transitions of the crystal lattice from one type to another 
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All the reproductions on this plate are of cathode surfaces emitting 
electrons. These cathodes are the sources of the electron beam which 
is focussed on the photographic plate by means of single electrostatic 
or magnetic electron lenses. 


A, B, D, E and F are from a paper by Knecht [Ann, d. Physik, 20, 171, 
(1934) ]. A has magnification X9, the rest, X31. D, E, and F are optical, 
electrostatic electron and magnetic electron microscope pictures, re- 
spectively. 


C is an electrostatic electron microscope picture of an emitting c^g^de 
obtained by C. E. Hall at Toronto in 1936. 

G, H and I are from a paper by Briiche and Mahl [Z. Techn. Physik^ 
16, 240, (1935)], showing electrostatic electron microscope pictures of 
emitting thoriated tungsten cathodes, showing the distribution of the 
emission points. 



178 


THE ELECTRON MICROSCOPE 


as the temperature is raised and lowered. The electron micro- 
scope has thus become a powerful tool in metallurgical research. 
Briiche and Knecht (1934) photographed electron images of the 
transition of iron from state to state between 615° C and 1050° C. 
Pictures in Fig. 101 (page 180) are reproduced from this work. 

In the series of photographs in Fig. 101, the crystal structure 
of the iron cathode which was first completely coated with alka- 
line-earth oxide is laid bare after the cathode has been operated at 
such a high temperature that most of the oxide has evaporated 
and only a thin film of barium remains. 

It follows from all these observations that adjacent crystals 
on the cathode surface emit electrons to a different degree at a 
given temperature, since a difference in brightness results on the 
fluorescent screen. That is to say that the work function, <^, 
is not uniform over the cathode surface but has specific values 
that differ from each other by as much as 0.3 volt for different 
crystal faces on the surface. Recognition of this fact has made 
necessary a modification of the theories on thermionic emission 
and has fortified a theory known as the “patch theory.” Before 
the advent of the electron microscope the emission current 
measured from a cathode represented an average value, since all 
surface elements contributed to this current. Now, it is possible 
to single out a very small surface element and determine its share 
in the overall emission current quantitatively by means of a Fara- 
day cage with a small aperture which is placed in front of the 
luminescent screen where the enlarged image of the cathode is 
ordinarily obtained, (Fig. 102a). D. Schenk carried out such 
measurements in 1935 and a plot of his observed emission currents 
across the cathode face, together with the electron image of the 
cathode strip taken separately is given in Fig. 102b and c. The 
trace along which point to point emission readings were taken 
with the Faraday cage is indicated by the dark line in Fig. 102c. 
Thus it is clearly evident that large emission currents result from 
crystal faces that appear bright in the electron image. 
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Fig. 102a. The number of electrons emitted by a small area of the cathode, 
is measured by having the aperture of a Faraday cage catch the electrons which 
would fall on the corresponding small area on the image if not intercepted. 


Fig. 102b, 

Graph showing charge given 
by Faraday cage as its aperture 
was passed along the line shown 
in Fig. 102c. 




Fig, 102c. The electron image of an area of a cathode showing patches correspond- 
ing to varying emission of electrons. 
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Fig. 101. Reproduction from paper by Briiche and Knecht (1934) 
giving the electrostatic electron microscope picture of the surface of an 
iron cathode which was covered with barium oxide and then operated at 
such a high temperature that most of the oxide coating has evaporated, 
leaving only a thin film of barium. The cathode was then taken through 
a series of temperature changes and pictures taken at various temperatures. 
The magnification was not stated in the paper [Z. Techn. Physik, 15, 462, 
(1934)] but is probably a few hundred times. 


The bright areas are regions of high emission. The intensity of the 
emission is thought to be determined by the distribution of barium on 
the surface. Small crystal sections are shown on the surface by the 
brightness of the emission. 


The iron was heated to 1050° C. for the first picture (lower left) and 
then the temperature was allowed to fall to 900° C and again raised to 
1050° C, but- there was no apparent change in the crystal arrangement. 
The temperature was again dropped during a period of five minutes to 
the low temperature of 735° C. On again raising the temperature, no 
remarkable changes were apparent. A succeeding lowering of the 
temperature to 665° C led, however, to a complete reorientation of the 
structure. Raising the temperature to 725° C again and again did not 
change the arrangement essentially. Lowering the temperature to 615° 
C, however, once more changed the picture completely. This action of 
iron is paralleled by similar changes in nickel. 
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Emission Patterns on Wires 

Similar investigations on emission patterns have been carried 
out for bright emitters which are generally used in the form of 
wires. The effect of die marks on drawn filaments becomes 
plainly visible in electron images, as R. P. Johnson and W. 
Shockley demonstrated in 1935. With a tungsten filament 
0.005" in diameter stretched along the axis of a cylindrical tube, 
the inside wall of which was coated with luminescent material 
and onto which a helix of nickel wire fitted snugly as positive 
electrode, a lateral magnification of the wire surface equal to 400 
times was obtained with 10,000 volts on the anode spiral. This 
gave a resolution of points on the filament surface 2° apart. Along 
the axis of the wire namrally no magnification is obtained with 
this simple arrangement. 

A problem of particular interest, for a long time, has been the 
determination of the mode of activation of thoriated tungsten 
filaments. When a small amount of thorium oxide (Th02) equal 
to about two per cent is mixed with the tungsten powder during 
the manufacture of the wire, a substantial reduction of the work 
function, (f>, can be obtained after proper activation of the fila- 
ment. This activation is similar in principle to that of the oxide- 
coated cathodes. The filament is “flashed” at 2700° K for about 
30 seconds and the temperature then lowered to 2100° K and 
held there for some time. The filament is then operated at 
1900° K during its life. At 2700° K part of the thorium oxide 
(ThOa) is reduced to metallic thorium and oxygen (which 
escapes). The thorium diffuses through the crystal lattice and 
evaporates from the surface of the wire. When the temperature 
is lowered to 2100° K, the thorium which arrives at the surface 
will spread over it, forming a monatomic layer. The effect of 
this thorium layer on tungsten is similar to that of barium on the 
barium oxide layer on nickel. It lowers the work function and 
thus increases the electron yield at a lower operating tempera- 
ture. Table 3 contains the characteristic figures for thoriated 
tungsten filaments. 
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With the aid of the electron microscope, the arrival of the 
thorium on the tungsten surface can be observed and the spread- 
ing of the thorium patches over the surface followed. An earlier 
assumption that the thorium atoms arrive at the surface preferen- 
tially along crystal faces was thus disproved by Briiche, Johannson 
and Mahl, and their conclusions were confirmed by A. J. Ahearn 
and J. A. Becker in 1936. Pictures G, H, and I on page 176 are 
reproductions from a paper by Briiche and Mahl showing the 
appearance of thorium centers indiscriminately over the surface, 
some on crystal boundaries, some right within a crystal face. 

The number of applications that suggest themselves and 
which have been carried out in the past is very large. We shall 
here go no further in their description since this book is not to 
be a technical text but rather an introduction to the subject of 
electron microscopy for> the reader who has heretofore not been 
acquainted with it. The specialist will be familiar with technical 
publications in the various journals. 

It should be said, in closing this chapter, that various problems 
of research that may be attacked with the electron microscope 
cannot always be definitely assigned to either the electrostatic 
or the magnetic electron microscope and that the investigator will 
frequently have a choice of either type of instrument. Some of 
the examples quoted above could thus equally well be treated 
under the heading: Applications of the Magnetic Microscope. 
The investigation of filament surfaces has mostly been carried out 
with the magnetic microscope-. The latter instrument is a much 
more costly piece of apparatus but more flexible in its use. We 
shall now turn to its description. 




"•Chapter 16 

The Compound Electron Microscope — 
Magnetic Type 

'^he Comparison of Light and Electron Compound Microscopes 

In preceding chapters we have indicated how an electron beam 
has been used to simulate effects produced hy ordinary light in the 
simple microscope or reading lens. Instead of a glass lens as in 
the light microscope (see Fig. 15, p. 26) we can use either an 
electrostatic field (Fig. 58) or an electromagnetic field (Fig. 
82). In the case of the simple electron microscope the object is 
always the source emittiug the electrons, viz., the cathode of a 
vacuum tube. As a consequence the chief applications of this 
form of electron microscope are the studies of surfaces on which 
electron emitting materials have been deposited. These apphca- 
tions have been quite fully illustrated. 

We now come to deal with the development in electron 
microscopy in which the electron beam from such a source is used 
to reveal the intimate structure of quite an mdependent object. 
Since the whole purpose of such a development is to produce 
magnifications greater than the ordinary light microscope can pos- 
sibly give, the problem before us is to simulate 'the performance 
of the ordinary compound microscope, shown schematically 
earlier in Fig. 16 (p. 27) and again in Fig. 104, a and b. 

In its ordinary use, the compound microscope is used to exam- 
ine thin sections which are partially transparent; the thicker part 
of the specimen is illuminated by the light source and the light 
diffused from the object is focussed on to the retina of the 
observer’s eye or the photographic plate. The aim of good light 
microscopy is to so illuminate the object viewed as to make it as 
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Fig. 104. Comparison of light microscope and magnetic electron microscope. (See Table 4, opposite.) 
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Table 4. Comparispn of Light and Electron Compound Microscopes. 
(See Fig. 104, opposite) 


Elements 

L Source of illu- 
mination. 

2. Control of illu- 
mination. 

3. Specimen sup- 
port. 

L First image 
forming system. 


5. Accessory 
magnification. 


6. Medium. 

7. Viewing image. 


8. Method of 
focussing. 


Light microscope 
Sunlight or electric light. 

Sub-stage condenser, Li. 
Fig. 104b. 

Microscope slide of glass 
about 1 mm. thick. 

The objective, L2. 

The eyepiece or photo- 
graphic projector, L3. 


Air and glass 
The eye directly. 

Movement of lenses as a 
result of judging the 
sharpness of the image 
with the eye. 


Electron microscope 

Electron source: cold 
cathode or hot filament. 

Converging action of the 
magnetic field of the first 
coils. 

Film of collodion about 
10 millimicrons thick. 

Converging action of the 
magnetic field gf the 
second coil forming the 
first image. 

Converging action of the 
magnetic field of the 
third coil forming a sec- 
ond enlarged image of a 
portion of the first im- 
age. 

A very high vacuum. 

The eye (image pro- 
jected o n fluorescent 
screen.) 

Alteration of the inten- 
sity of the magnetic 
fields in the coils as a 
result of judging the 
sharpness of the image 
on a fluorescent screen. 


9. Recording of Photographic plate, 
image. 

10. Smallest particle 

photographed 100,000 

in detail. 


Photographic plate. 

Even less than 

^ cm. 
1,000,000 
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nearly as possible self-luminous. As indicated in Figs. 104a and 
104b, the essential features of the ordinary microscope are: the 
light source, the sub-stage condensing lens to concentrate the light 
on the object, the object itself on the stage, the first set of lenses 
known as the objective, a second set of lenses some distance from 
the objective known as the eye-piece (for observation with the 
eye) or as the projector lens when it is designed to focus the 
image on a screen or a photographic plate. 

As indicated in Fig. 104c, all of these elements are present in 
the electron microscope. Table 4 (page 187) shows the corre- 
spondence between the two instruments. 

It will be apparent from what has been presented in the pre- 
ceding. chapters that if we should write out a description of an 
ordinary compound light microscope and describe how it works, 
we would obtain almost a complete description of the present 
electron microscope merely by replacing the word “light” by 
“electron beam,” the word “lens” (glass) by the words “magnetic 
lens.” 

Precise Designation of Useful Magnifying Power 

The relationship between resolving power and magnifying 
power for an ordinary optical system has already been dealt with 
rather fully (Chap. 2) and we may now state that .for both the 
electron microscope and the light microscope the detail which is 
visible in the final image is determined by the objective lens. In 
each case the objective produces an image which contains all the 
detail that will be visible in the final picture. However, the image 
produced by the objective is seldom at a magnification of more 
than X 100 in either instrument and hence most of the detail pres- 
ent still cannot be seen by the eye. The subsequent magnifica- 
tion by the eye-piece in the case of the fight microscope, and the 
projector coil in the c^e of the electron microscope, merely 
serves to increase the dimensions of these details until they are 
visible to the eye. In order to be visible, the finest detail of the 
picture must have a linear dimension larger than 0.01 cm. or 
l/250th of an inch. 
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In Chapter 2 we have pointed out that due to the limitations 
of the wave length of light no light microscope can possibly 
reveal to us a particle or detail of dimensions less than about 
1/50, 000th cm. (or 1/125, 000th of an inch). If then a detail of 
this dimension is in the image made by the objective, the magni- 
fication necessary to be provided by the eye-piece of the micro- 
scope is X5; that is, the over-all magnification is X500 and 500 
times l/125,000th of an inch gives a dimension l/250th of an 
inch, which will just make this detail visible in the image. In 
practice a magnification of X2000 tells everything; one can go 
on enlarging and enlarging the photograph but get no more 
detail (see p. 30) . 

Now with the electron beam, the wave length is so much 
smaller that we are not limited to dimensions of l/125,000th of an 
inch as in the case of the light microscope. We find consequently 
that in the image obtained by the objective of the electron micro- 
scope alone there is detail which requires much more magnification 
by the projection lens (equivalent to the eye-piece) than is the 
case with a light eye-piece or light projection lens. Instead of pro- 
ducing a mere X20 magnification, the objective image will stand 
X 200, or even more. That is, a very ordinary final picture will 
have a magnification X 20,000. As will be apparent from many 
of the plates, these final electron microscope pictures will require 
and permit enlarging up to X 100,000 in order to display all the 
detail intrinsically in the original picture. 

'^Description and Manipulation of the Instrument 

Fig. 105a is a photograph of the first Toronto instrument and 
Fig. 105b gives the skeleton structure. The description of the 
instrument as given in an early paper is as follows; 

“Electrons leaving the cathode, F, are accelerated vertically 
downwards and pass through the anode. A, in the form of a nar- 
row beam of uniform velocity. The magnetic field of the con- 
denser lens, Co, converges the beam to a small cross-section in 
the plane of the object at O. The elements of the object scatter 
the electrons incident on them. The scattered electrons, which 
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on leaving the object pass through the objective lens, Obj, are 
focussed by the magnetic field of this lens to conjugate image 
points upon a fluorescent screen, l^. The electrons fton^ any 
desired part of the image are directed through an opening in*t:he 
screen into the projector lens, Pro. They are focussed by this 
lens to form a magnified image of the selected part of the first 
image oji the final fluorescent screen, I 2 . The image may be 
recorded photographically by replacing the screen with a photo- 
graphic plate. A high magnification may be obtained in each 
stage by choice of a large ratio of image distance to object dis- 
tance. The magnification in the first stage lies between 100 and 
125 diameters and is determined by the vertical displacement of 
the specimen relative to the objective lens. The magnification in 
the second stage may be varied over wide limits (from Xl to 
X330 at 50 kV) by varying the focal length of the projector 
lens and altering by small amounts the vertical displacement of 
the first image relative to the projector lens. The total magni- 
fication is the product of the magnifications in each lens, provided 
the first image plane lies above the region in which the magnetic 
field of the projector lens is appreciable. 

“The apparatus is constructed in several units which are 
sealed together by means of plane lapped grease joints. The dis- 
charge tube, T, the bellows adjustment, Sz, and the condenser 
lens, Co, are included in the top unit. It may be adjusted in any 
direction in the horizontal plane by means of the joint, /i, and 
fixed in position by means of four set screws. This adjustment 
together with the bellows, Sz, permits the axis of the illuminating 
electron beam to be adjusted both in vertical inclination and lat- 
erally with respect to the axis of the object chamber and objec- 
tive lens below.* 

“The object chamber is the second unit. It is sealed to the 
top of the objective lens, Obj, by means of the grease joint, Jz- 
It may be adjusted laterally with respect to the objective lens and 
fixed in position by means of a third set of four set screws. . Speci- 
mens are inserted into the apparatus through the opening, Cp, of 
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the object chamber. This opening is a conical grease joint. The 
specimen holder is in the form of a hollow cartridge which fits 
snugly into a collar attached rigidly to the case of the object 
chamber. The lower end of the cartridge is about 5 mm. above 
the centre of the gap between the pole pieces of the objective 
lens. This arrangement makes it possible to replace the specimen 
holder, to within less than a tenth of a millimetre laterally and 
a few one hundredths vertically, in the position it occupied before 
removal and reloading. The specimens are suspended across a 
small hole (0.05 to 0.3 mm.) drilled in the centre of a circular 
metal diaphragm, or across the openings of a diaphragm made 
out of fine mesh. The diaphragm is held at the lower end of the 
specimen holder by a cap. A displacement of the object chamber 
with respect to the lens displaces the specimen by an equal 
amount. 

“The objective lens, Obj, forms the third unit. Its lower side 
is sealed with grease to the top of the first image tube, T 2 . 

“Concentric with and extending along the entire length of the 
brass tube, Ta, are two soft iron cylinders, Sh. These are approxi- 
mately one, and one and one-half, inches in diameter respectively, 
with a wall thickness of one eighth of an inch. They shield the 
electron beam in the tube from the perturbing effects of stray 
fluctuating magnetic fields. The tube, Ta, is the fourth unit of 
the structure. It is sealed to the top of the projector lens with 
grease and may be adjusted laterally with respect to it by means 
of a flat grease joint, A, and set of four set screws. 

“The fluorescent screen, h, which is shown in Fig. 105b as 
fixed in the base of the tube, has been mounted on the top of the 
projector lens. Pro. This permits the first image to be displaced 
relative to the projector lens by a small amount (up to %") and 
the displacement may be measured by observation of the motion 
of the image relative to marks drawn on the screen. The screen 
may be viewed through the window, W^. 

“The projector lens is the fifth unit of the apparatus and it is 
sealed with grease to the top of the tube, T 3 . 
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“The base of the apparatus consists of a heavy iron ring, upon 
which the feet of four bronze legs are bolted. The upper ends 
of these legs are bolted to a bronze ring, the upper side of which 
is lapped and which supports the projector lens and the sections 
above it. The upper end of the tube, T 3 , is soldered into the 
ring and its lower end into the camera. 

“The apparatus is evacuated through a connection in the side 
of the tube, T 3 , by means of a mercury diffusion pump backed by 
a Cenco Hyvac fore-pump. By-passes between the object cham- 
ber and first image tube, and between the first and second image 
tubes (see Fig. 105a) facilitate rapid evacuation of the entire 
apparatus. 

“The source of the current for the lenses consists of a set of 
four standard 12 -volt storage batteries connected in series. The 
cathode filament current is supplied by two 2 -volt storage bat- 
teries in series; these are mounted in an insulated box which forms 
part of the high tension system. 

VThc Discharge Tube 

“The schematic cross-section shown in Fig. 106 illustrates the 
construction of the cathode of the discharge tube. The electrons 
are emitted from the filament, F, which consists of 13 mm. of 
6 mil tungsten wire bent in the form of a hairpin with a radius 
of curvature of 0.5 mm. at the tip, T. The ends of the filament 
are welded to heavy nickel wire supports, Li, L 2 , which are 
fastened with screws into two collars, B 3 , mounted at the end 
of a long vertical rod, R. The support, Li, makes contact with 
the rod, R, through the collar, B 3 . At the upper end of the rod 
is fastened one of the exterior terminals, Ti. The nickel support. 
La, is fastened in the collar, Ba, which slides in a vertical direction 
within the tube, D, and which is insulated from the central rod, R. 
A spring connection of heavy copper wire, S, ensures electrical 
contact between the collar, Ba, and the body of the cathode. 
Contact with the battery is made through the exterior terminal, 
Ta. The rod, R, may be displaced vertically with respect to the 
body of the cathode with the aid of the bellows. A, and the 
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adjusting screws, N. The wax seal and mica bushing at W 
together with the glass tubing insulate the rod from the main 
body of the cathode. A. water jacket, C, is provided to cool the 
top of the cathode. The cooling is necessary to prevent the wax 
seals from melting and also aids in the rapid establishment of 
temperature equilibrium after the filament heating current is 
switched on. 



Fig. 106 . 

Detailed draw^ 
ing of the cathode 
of the discharge 
tube in the mag- 
netic electron 
microscope. 


“The anode consists in part of a copper cylinder the top of 
which extends around and above the lowest extremity of the 
cathode. The extension is required to shield the electron beam 
from the effects of charges built up on the glass insulator. The 
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base of the anode cylinder consists of a copper disc in which holes 
are drilled. A central hole is provided as a channel for the elec- 
tron beam, and a number of large holes with centres on a circle 
concentric with the centre of the disc, are provided to allow 
rapid evacuation of the discharge tube. The entire discharge tube 
is mounted on the upper end of the bellows, Ss, (Fig. 105b) 
which permits the mclination and lateral position of the tube to 
be adjusted with respect to the condenser lens.” (Dr. A. Prebus) 

"The Iron-Shielded Magnetic Lens 

The lenses of this form of electron microscope are all mag- 
netic electron lenses of the type described in Chapter 12; that is, 
short solenoids mounted coaxially with the axis of the instrument. 
They are, however, not open solenoids as indicated in these earlier 
diagrams but special iron clad cods with only an annular zone 
where the inner enclosure is of non-magnetic material. Since 
these coils are a principal part of the magnetic electron micro- 
scope, we shall give a httle more detailed description of them. 

When speaking of lenses in ordinary optical instruments a 
distinction is made between “thin lenses” and “thick lenses.” 
These terms are used not only in their everyday meaning of thin 
and thick but also to indicate that a different method of ray trac- 
ing or calculation must be followed in the two cases in order to 
determine the properties of the single or compound lens respec- 
tively. A lens is called thin when its thickness along the axis is 
a small fraction of its diameter. This means in turn that the light 
ray travels only for a short fraction of its entire path through the 
medium of higher refractive index. 

In the light of this terminology the introduction of Busch’s 
short solenoid instead of the long solenoid was a step towards a 
t hinn er lens. But in optical language this Busch lens is still a 
thick lens since the magnetic field strength along its axis is a con- 
siderable fraction of the maximum intensity at the center of the 
coil for quite a distance from the center of the coil on each side. 
Fig. 107 illustrates this condition. 
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Fig. 107. Busch’s original short solenoid magnetic lens. The graph shows the dis- 
tribution of field strength along the axis. 

It was recognized by D. Gabor in 1927 that the magnetic 
field could be concentrated along a shorter distance along the 
axis of the coil if the latter was encased in iron as shown in 
Fig. 108; the cross-shading here indicates the winding and the 
solid black frame the soft iron enclosure. It is evident that the 
stray magnetic field is reduced considerably since the magnetic 
field Imes prefer to run through the. iron casing. 

M. Knoll and E. Ruska in 1931 carried this restricting influ- 
ence of the iron shield to the extreme and utilized the stray field 
at a narrow gap as the active field of the magnetic lens. Fig. 109a 
shows this type of coil in its earlier form and the field pattern 
obtained with iron filings. Fig. 109b gives the field distribution 
along the axis of the coil. 
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Fig. 108 . 

Solenoid encased in soft iron 
to concentrate the field at the 
center. 


-I 





z 


It was found that a reduction of the coil current by 30 p.c. 
results from this type of construction, that is, a required field 
strength can be obtained with about one third of the coil current 
that would be necessary in an unshielded coil. The distribution 
shown in Fig. 109b was obtained when a current of 100 ma. was 
sent through the coil shown in Fig. 109a. The winding of this 
coil consisted of 6500 turns of 0.2 mm. diameter enamelled wire 
and it was operated from a 220-volt source. The focal length 
of this coil was of the order of a few centimeters. As a general 
rule it is stated that the minimum focal length of such a coil as 
shown in this figure is from one third to one quarter of the inside 
diameter of the iron shield. 

The focal length of a magnetic lens is controlled by the inten- 
sity of the current which flows through the winding; it can thus 
be varied within a considerable range. The minimum value of 
the focal length, which should be as small as possible if large 
magnifications are to be obtained, is determined by the geometry 
of the coil. Thus, when the physical dimensions of a magnetic 
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(a) 


Fig. 109 

Magnetic lens of 
Knoll and Ruska (1931). 
The first use of narrow 
gap in soft iron casing. 


(b) 


lens are reduced to one half of their original size and the coil cur- 
rent is kept constant, then the power of the lens will be doubled 
or the focal length reduced by half. As the magnetic field inten- 
sity, H, depends on the number of ampere turns (n X 4 number 
of turns times current in amperes) it is necessary to keep (n X /) 
constant for the smaller coil. Thus reduction of the coil to one- 
half its size means that the current I will flow through a wire 
which has only one quarter the crossectional area, since in order 
to allocate the same number of turns in half the space a reduction 
of the wire diameter by one-half is also necessary; this will lead 
to overheating of the wire if the reduction is carried too far. 

E. Ruska has overcome this difficulty (1934) by the introduc- 
tion of pole pieces which are inserted in the threaded inner wall 
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of the coil and in turn contain an annular gap made of non-mag- 
netic material such as brass where the stray magnetic field will 
protrude and provide a concentrated magnetic field near the axis 
of the cod. The physical size of the coil itself can thus be kept 
conveniently large so as to prevent overheating of the winding 
but the field is concentrated into a very small zone by the use 
of accurately machined pole pieces of very small dimensions. A 
magnetic lens of this type is shown in Fig. 110 in a schematic dia- 
gram which does not contain the details to be found in a modern 



Fig. 110. Modern magnetic lens as used in magnetic electron microscope. 

magnetic lens. The correct shaping of the pole pieces is a matter 
of great importance and has a decided effect on the quality of 
the image. 

The three magnetic lenses used in the electron microscope, 
that is, the condenser lens, the objective lens and the projector 
lens, are all essentially of the construction shown in Fig. 110. 
There are, however, differences in detail which are dictated by 
their different functions. Thus the condenser lens is generally of 
the type shown in Fig. 109a while the pole piece construction of 
Fig. 110 is used on objective coil and projector coil where large 
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magnification is required. The latter two lenses differ only by 
the size of the internal diameter of the pole pieces and the diam- 
eter of the limiting aperture. 

During the early stage of development most magnetic lenses, 
for microscopes operating at electron velocities equivalent to 
50,000 volts or more, had to be watercooled in order to prevent 
overheating of the coil winding. Since the input to the coil has 
been reduced to about 5 watts, watercooling is not now required. 

The^ direct current supply for the activation of the coils must 
be designed so as to reduce current fluctuation to a minimum. 
Such fluctuations, if they do exist, have the effect of shifting and 
rotating the plane in which a sharp image is formed. Since this 
final image plane is made to coincide with the photographic plate 
or a fluorescent screen at the bottom of the instrument when the 
original lens currents are chosen, a drift or a periodic fluctuation 
of these coil currents will blur the image. Variations in velocity 
of the electrons which are incident upon the object would like- 
wise shift the focal length of the magnetic lens even if the coil 
current were absolutely constant because the focal length of the 
con varies in a manner which is directly proportional to the accel- 
erating potential of the electrons. 

Some Experimental Difficulties 

The duty of the physicist at the present stage of the develop- 
ment of the electron microscope is simple. He has to take hun- 
dreds of pictures of all kinds of specimens submitted by special- 
ists in other fields: the commercial industrialists as, for example, 
the manufacturers of rubber constituents, paints, paper, or the 
medical scientist or biologist who is interested in such submicro- 
scopic structure as the various fine organisms reveal. It is not for 
the physicist to interpret his results; his work is accomplished 
when his instrumental technique is so developed that he can 
vouch for the reality and dependability of his pictures. 

To accomplish this work, however, the physicist has to over- 
come many difficulties, some of which may be enumerated here. 
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(1) Since, in order to have the electron beam travel any 
appreciable distance, one must maintain a very good vacuum, the 
experimenter has on his hands a continual battle against insidious 
leaks. This is no mean accomplishment when one considers the 
numerous joints and contacts between carefully ground plane 
surfaces, all of which have to be kept air-tight. 

(2) On account of the fact that the filament is extremely 
sensitive to small traces of impurities, it is of utmost importance 
to keep the microscope quite free from vapors of such things as 
oils, greases, waxes, or pastes. Once such contamination is intro- 
duced, it takes some time to get rid of this difficulty. 

(3) The necessity of lining up very exactly the electron 
beam with the axis of the instrument, which of course must coin- 
cide with the axis of the magnetic fields of the lenses, demands 
a very extensive series of adjustable joints, which in turn makes 
the maintenance of the vacuum more difficult. 

(4) It has already been pointed out that the property which 
corresponds to the index of refraction of the glass of the lenses 
in any ordinary microscope, which in turn depends on the wave 
length of the light, is the velocity of the electrons. To insure any 
approach to proper focussing of the electron microscope, the 
velocity of the electrons in the beam must be uniform and con- 
stant. This requires a constant D. C. high voltage at the source 
where the electrons are accelerated. In the instrument here 
described this voltage is maintained at about 45,000 volts (45 
kilovolts) kept steady to one volt during the exposure. 

(5) Special precautions must be taken to insure that the cur- 
rents through the various electromagnets are kept constant during 
exposures. 

(6) Under ordinary routine the filament has to be replaced 
fairly often and easy exchange of filaments must be provided for. 

(7) Continued operation of the microscope brings about a 
fouling of some of the critical Surfaces, such as the apertures of 
diaphragms. Even extremely small aggregates of foreign sub- 
stances may absorb electrons, create a local charged mass which 
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will superimpose an irregular electrostatic lens on the regular 
magnetic lens, and so create a disastrous distortion of the image. 

It is quite beyond the scope of this book to treat at any length 
of the means by which all such difficulties are overcome. Such 
details can be obtained from more technical textbooks or from 
the original published papers. 



New 300-kaovolt electron microscope at RCA Laboratories^ Camden, N. J. 


Future Developments 

An Electrostatic Compound Microscope. Bearing in mind that 
electrostatic lenses as described in previous chapters can be made 
to accomplish the same thing as magnetic lenses, it is to be expected 
that a compound electron microscope, in which some, or even all, 
of the magnetic lenses may be replaced by electrostatic lenses, may 
be expected to be introduced before long. Advantages may be 
cited for each of the two forms, but there is no doubt that at the 
present time the magnetic compound electron microscope holds 
the field. 
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Whatever the commercial market may develop, there is not 
the slightest doubt that a compound electron microscope of some 
form will be an essential feature of every up-to-date scientific 
laboratory which involves microscopy to any degree. 

Use of Higher Velocity Electron Beams. In the instrument 
described here, the accelerating voltage is 45,000 . volts. The 
higher the voltage, , the higher the velocity of the electrons, the 
higher the “index of refraction” and the greater the penetrating 
power of the electron beam. 

“Unfortunately, in the images obtained with the present types 
of instrument using electrons accelerated, by from 30 to 100 kilo- 
volts, those parts of the specimen which are thicker than about 
5000 Angstrom units (5 X 10’® cm.) m the case of organic mate- 
rials, and thicker than a few hundred Angstrom units in the case 
of heavy metals, appear nearly opaque and completely lacking in 
detail. As many important problems of biology involve the 
investigation of fine structure which is an integral part of a rela- 
tively large body, and which cannot be removed from that body 
without loss of identity, this lack of penetration is probably the 
most important limiting factor in the present types of electron 
microscopes. 

“In order to investigate the possibility of obtaining images of 
the internal structure of thicker specimens by the use of higher 
voltages for the acceleration of the irradiating electrons, the 
authors have constructed in the RCA Laboratories an experi- 
mental magnetic electron microscope capable of producing images 
of high resolving power with 300-kilovolt electrons. Except for 
the design of the high voltage generator and a few modifications 
of the microscope column resulting from the change to higher 
accelerating potentials, the instrument is the same as that which 
has already been described. . . . 

“The preliminary results indicate that the expected increase 
in penetration is the only advantage obtained from the use of 
higher accelerating potentials and that the increase in penetration 
becomes useful only at potentials above 150,000 volts (150 kilo- 
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volts). There appears to be no advantage in using the high- 
voltage microscope to examine specimens which are transparent 
for the lower voltage instrument” (Zworykin, Hillier and Vance) . 



Iron oxide particles (X 18,400). 


Chapter 17 

What the Electron Microscope Can 
Accomplish 

With the plates that have been presented in the earlier chap- 
ters to illustrate certain specific points and those which appear 
in this concluding chapter, we have very convincing evidence of 
the fact that this new instrument has opened up a vast new field 
to man. Where not otherwise stated the pictures have been 
taken at the University of Toronto; some of these are among the 
very first produced there, and thus are among the first produced 
in North America. 

We wish also to acknowledge gratefully the permission 
obtained from other laboratories to reproduce some of their pho- 
tographs which show excellent technique. Through the kind- 
ness of Dr. C. E. K. Mees and Dr. A. L. Schoen we have permis- 
sion to publish the remarkable pictures of photographic emul- 
sions taken by Mr. C. E. Hall in the Research Laboratory of the 
Eastman Kodak Company. The R. C. A. Laboratories have 
kindly consented to the reproduction of various excellent pho- 
tographs taken by Dr. James Hillier and his associates. Some 
striking photographs have been generously contributed by the 
American Cyanamid Company. 

In this connection we wish to refer again to the support of 
the Columbian Carbon Company of New York City; their bro 
chure on the size of carbon particles is probably the first extensive 
publication in English dealing with electron microscope pho- 
tographs. 

The remaining photographs are presented under the follow- 
ing three headings: 
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a. Measurement of particles in dusts, powders or smokes. 

-b. The pictures of photographic emulsions. 

c. Photographs of materials with large complex molecules or 
molecular aggregates. 

d. Biological and medical specimens. 

Photographs of Dust, Smokes and Powders 

This work has extensive application both commercially and 
medically. Manufacturers of carbon black, fillers of various 
kinds, paints, and clays are discovering wonderful and surprising 
facts regarding the ultimate structure of their products. This 
work bids fair to offer an enlightening explanation of many 
puzzling activities of these various products. 

This division of the work also has its medical bearing in the 
study of air conditioning, industrial diseases due to dust in fac- 
tories, and the scourge of silicosis in mines. 
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In the study of the particle size distribution in samples of 
smokes perhaps seventy-five per cent of particles are so small 
that they are completely invisible in the highest-power light 
microscope. Reliable distribution statistics, then, demand the use 
of the electron microscope. 

Plates have been shown of the distribution of particles in com- 
mercial production: carbon black (p. 151), smokes of magnesium 
oxide (p. 144), tungsten oxide (p. 174), zinc oxide (p. 112), iron 
oxide (p. 204), and aluminum oxide (p. 150). Pictures of par- 
ticles in various types of clays and one of the dust actually pro- 
duced in a mine by blasting are shown herewith. Entirely apart 
from their practical or scientific interest some of these pictures 
are engrossing as mere examples of nature’s display of shape and 
form. 

The Eastman Kodak Pictures of Photographic Emulsions 

Most of the figures reproduced here (p. 210) were published 
in an article by C. E. Hall and A. L. Schoen in the Journal of the 
Optical Society of America (31, 281, 1941) and some were sent 
to us direct from the Eastman Research Laboratory. 

One of these plates, A (X 21,500), is the picture of a single 
silver bromide crystal exposed to an intense electron beam for 
some time. At first such crystals are opaque to electrons and are 
therefore quite uniformly black in such a picture taken with the 
electron microscope. On being exposed to an electron beam for 
some time, these crystals begin to show transparent holes and 
cracks as in this figure. It is thought that this appearance is due 
to the migration of silver ions within the lattice of the crystal. 
The appearance of the crystals gradually changes while the expo- 
sure to the electron beam is prolonged, but in time a stable state 
is reached. 

B ( X 30,000) is a picture of very small silver bromide crystals, 
known as Lippman crystals: not developed or fixed. These 
would of course be quite invisible in the optical microscope. 

C ( X 25,000) is the picture of a silver bromide crystal exposed 
to an electron beam, as for the crystal A, and then fixed. This 
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crystal was exposed to an electron beam, while it was observed 
in the electron microscope. It was then taken from the electron 
microscope and washed in sodium thiosulphate solution. This 
dissolved the silver bromide away but left the silver, shown in 
black. It is to be noted that the reduced silver does not cover 
the cross-sectional view of the crystal uniformly; the free silver 
gathers about certain preferred points. 

D (x 25,000) shows a group of silver bromide crystals 
exposed to an intense light beam, then put into the developer for 
a very short time, but not fixed. Some of the silver bromide 
crystals, the solid black portions of the picture, have not been 
afifected appreciably by the developer. The thread-like struc- 
tures are filaments of silver, which have been reduced from silver 
bromide by the developer. 

E ( X 25,000) shows crystals exposed to an intense light beam, 
then developed longer than those in D, but still only partially 
developed and then fixed. A faint outline can be seen in the 
background where the original crystal has left its trace in the 
gelatin. There are many small particles of silver present, con- 
firming the view that development starts at certain preferred cen- 
ters, presumably at the latent-image centers. 

F (X 25,000) is the picture of a silver bromide grain which 
had been exposed to intense light and then developed on the elec- 
tron microscope holder. Although this shows the kind of a silver 
deposit of which a developed silver grain is composed, it is not 
the same in general appearance as the grains developed on a pho- 
tographic plate. In the latter the filaments are so closely packed 
that most of the grain is completely opaque with filamentary 
structure in evidence only around the edges. 

This particular crystal was developed in amidol. With the 
exception of pure paraphenylenediamine, all of the common 
chemical developers produce this typical filamentary structure 
with some secondary differences. Metol and amidol, for example, 
produce very fine filaments, whereas hydroquinone produces 
coarse filaments. The extent to which the filaments can wander 









WHAT THE MICROSCOPE CAN ACCOMPLISH 


211 


Key to illustration on page 210 

A. Silver bromide crystal exposed to intense electron beam (X21,500). 

B. Undeveloped Lippmann crystals (X30,000). 

C. Silver bromide crystal exposed to electron beam. Fixed (X25,000). 

D. Silver bromide crystals. Partially developed. Not fixed (X25, 000). 

E. Partially developed silver bromide crystal. Fixed (X25,000). 

F. A silver grain developed in amidol (X25,000). 

G. Undeveloped Lippmann crystals (X30,000). 

H. Developed Lippmann crystals (X30,000). 
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away from the original crystal is influenced by the rigidity of the 
surrounding gelatin. 

G (x 30,000) shows Lippmann crystals exposed to light and 
partially developed but not fixed. The round dots are the silver 
bromide crystals: it will be noticed that each one has a projection 
forming. 

H ( X 30,000) shows Lippmann crystals exposed, fully devel- 
oped and fixed. Each small crystal has grown into a single fila- 
ment of silver which is much longer and thinner than the original 
crystal. 

These revelations of the electron microscope bid fair to revo- 
lutionize the accepted theories of photographic development 
processes. 

Large Molecules or Molecular Aggregates 

Not very much has yet been done on this phase of the useful- 
ness of the electron microscope. The pictures of Cuprene and 
vinyl chloride need no particular comment at this stage. 

Applications to Biology and Medicine 

One can hardly imagine a more important field for the use 
of the electron microscope than that of biology and medicine. 
Every one of the pictures shown here is of extreme interest, but 
very litde can be said as yet regarding the interpretation of such 
revelations as have been made up to the present. 

With regard to such pictures as the various types of bacillus 
and virus, it should be noted that all these samples have to be 
exposed in a vacuum. In spite of this we have had no indication 
of any disruption of these structures. It may be that the con- 
tents of these bodies are so constructed that the intrinsic pressure 
of the fluid comes into play and that there are no gas pockets 
formed within the body to cause explosive disruption of the bacil- 
lus or virus membrane. We have not yet determined whether 
the germs are killed by exposure to the electron beam required 
for the photography. 
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Polymerized vinylchloride (X43,000). 



Courtesy RCA Laboratories 

Polymerized vinylchloride (X210,000) (Enlarged photographically). 
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:;uprene, a polymer of acetylene formed in the presence of copper (X22,700). 
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Pus cell: Pneumococci around a white blood corpuscle (X8,640). These Pneumo^ 
cocci are similar to those shown in the Frontispiece. 
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Prodigiosus bacillus under optical 
microscope (X2,000). 


•i* ' *^1 J'*' 

4 } \ \ ' ' 


Bacillus 
Prodigiosus 
under elec- 
tron micro- 
scope. 

(X 16,400.) 


This plate is also designed to compare light microscope and electron 
microscope pictures of the same specimen — ^the Bacillus Prodigiosus. The 
optical pictures were taken by Dr. J. Craigie of the Department of 
Hygiene, University of Toronto. The line marked 1/^ gives the scale 
of the electron picture, this length being l/10,000th of a cm. or l/25,000th 
of an inch. It is quite apparent that the electron microscope may be 
counted on to show structure in such small bodies. It should be said that 
none of the electron microscope specimens are stained. 
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Rickettsia (Typhus) (X 13,000). Apparently crystals are formed at edges of bacillus. 



Rickettsia (Typhus) (X13,000). Crystals formed at bacillus. 
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Smallpox virus (X 113,400) (Enlarged photographically) . 
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Courtesy of Press Association. Inc. 


The tiny dots in this picture are influenza virus, each magnified 25,000 times. The 
long, match-shaped objects are the virus of tobacco mosaic, one of the principal 
tobacco crop pests (see pages 222 and 223) . They were photographed for com- 
parison with the flu germ, which is one of the smallest disease agents known. The 
picmre was made possible by the isolation of the influenza germ by Doctors Leslie 
A. Chambers and Werner Hene Henle of the Eidridge Reeves Johnson Research 
foundation, University of Pennsylvania. The isolation opens the way for the 
making of a vaccine for influenza. 
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Tuberculosis bacillus (X31,400). 






Tuberculosis bacillus (X26,400). 
These two are from the same culture. 
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Courtesy RCA Laboratories 

Tobacco mosaic (fresh preparation) (X 50,000). 
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The authors wish to express their grati- 
tude to the publishers for the care and at- 
tention given to the production of this 
book and express the hope that it may ac- 
complish something in establishing the elec- 
tron microscope in its great role in new 
experimental technique. 
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